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Een kleine zeven jaar geleden kreeg ik van mijn toenmalige 
thesispromotor op Groep T, professor Chantal Block, de vraag of ik na 
mijn studies geen zin had om projectmedewerker te worden aan de 
KU Leuven, onder leiding van professor Carlo Vandecasteele. Lang 
heb ik hier niet over getwijfeld, tijdens mijn thesis was het me immers 
duidelijk geworden dat het wetenschappelijk onderzoek me wel lag. 
De volgende drie jaren kon ik me dan ook verdiepen in verschillende 
bedrijfsprojecten, voornamelijk gericht op het beheersen van zware 
metalen en/of oxyanionen in vaste afvalstoffen. Gaandeweg 
ontwikkelde ik mijn praktische en theoretische kennis, tot het moment 
was gekomen waarop ik besloot om met behulp van deze bagage een 
doctoraat te behalen. De basis van mijn doctoraatsproject vormden 
twee industriële projecten, waar ik me verder in kon verdiepen. 
Uiteraard zijn er tijdens een doctoraat altijd tegenslagen te verwerken 
en duiken er nieuwe uitdagingen op, maar al bij al verliep alles vrij 
vlot, zodat ik nu vol trots mijn doctoraat kan presenteren.  
Dat alles zo goed verliep was niet mogelijk geweest zonder de steun 
van mijn promotoren, die ik hierbij dan ook uitdrukkelijk dank: 
professor Carlo Vandecasteele, altijd gedreven, geïnteresseerd in elk 
mogelijk klein en groot probleem, en steeds motiverend, zorgde er 
voor dat dit werk een gefundeerd geheel werd. Professor Chantal 
Block zag in mij een potentieel wetenschappelijk onderzoeker en bleef 
mij steeds verder motiveren en mijn werk kritisch bekijken. 
De twee andere leden van mijn begeleidingscommissie, professoren 
Jan Degrève en Bart Van der Bruggen, dank ik voor hun constructieve 
opmerkingen en commentaren. Jurylid Andres Van Brecht ben ik 
dankbaar voor de prettige samenwerking doorheen de jaren en de 
mogelijkheden die hij bood om projecten voor Indaver NV uit te 




als jurylid; zijn werk omtrent lichtgewicht aggregaten was zeker een 
voedingsbodem voor dit onderzoek. 
Het werkleven is natuurlijk meer dan alleen experimenteren, 
analyseren, projecten uitvoeren en een doctoraat schrijven.  Even 
belangrijk zijn  de collega’s met wie je je dagen doorbrengt. Ik zou 
alle collega’s met wie ik gedurende meer dan 6 jaar op CIT heb 
samengewerkt willen danken voor het draaglijk maken van de lange 
uren in het labo, voor de toffe babbels tijdens de lunch en de 
koffiepauzes, en voor de leuke momenten, soms ook buiten het werk. 
Enkele mensen zou ik speciaal willen bedanken. Jo Van Caneghem, 
zes jaar zaten we samen in dezelfde bureau, en je zag me evolueren 
van de jonge schoolverlater tot de onderzoeker die ik nu ben. Pieter 
Billen, ik ben er zeker van dat de discussies die we vaak hebben 
gevoerd mijn, en hopelijk ook jouw werk, naar een hoger niveau 
hebben getild: een tekening op het bord, erover discussiëren, even 
laten bezinken en de volgende ochtend met nieuwe ideeën en 
inzichten komen, bedankt voor de fijne samenwerking. Siavash 
Darvishmanesh, in ons onderzoek hadden we weinig raakvlakken, 
maar toch heb je me zeker wat dingen kunnen leren: een fijne selectie 
van de Iraanse keuken, dansbewegingen of scheldwoorden. Isabel 
Vermeulen, Michèle Vanroelen, Herman Tollet, Alena Vaes, Marie-
Claude Deflem en Beatrice De Geest: bedankt voor de aangename 
momenten en/of de ondersteuning tijdens het werk. 
Een woord van dank is zeker ook passend voor de thesisstudenten die 
ik heb begeleid: Dries, Stijn, Sander, Lenny, Michiel en Hans. Ik vond 
het zeer leuk om jullie te ondersteunen, en misschien zien jullie je vele 
uren in het labo nu ook deels gevaloriseerd in dit werk.  
Ik heb ook steeds met minstens evenveel enthousiasme bijgedragen 
aan de vele industriële projecten die door onze onderzoeksgroep 




vermelden voor de uitdagende opdrachten die een basis vormden voor 
dieper onderzoek in mijn doctoraat. Dankzij Indaver NV (Guido 
Wauters en Andres Van Brecht) kwam ik in nauw contact met de 
afvalverwerking, en meer specifiek met de uitdagingen die 
oxyanionen stellen in vaste afvalresidu’s en afvalwater. Het was ook 
goed samenwerken met Stefan en Etienne, mede door hun 
vooruitstrevende visie op het aanpakken van de afvalproblematiek. 
Ook de andere industriële partners en collega’s van buitenlandse 
universiteiten met wie ik heb samengewerkt, voor en tijdens mijn 
doctoraat, wil ik hier bedanken.  
Ik moet er wellicht niemand van overtuigen dat het leven buiten het 
werk voor mij minstens even belangrijk is als het leven op het werk. 
Ontspanning na het werk is de ideale manier om de beslommeringen 
die een doctoraat met zich meebrengt even te vergeten. Met mijn 
vrienden van op de 501 heb ik gedurende vele jaren lief en leed 
gedeeld, prachtige momenten die ik nooit zal vergeten! Sport was 
misschien wel de grootste bron van ontspanning voor mij, dus hulde 
aan alle Bosgrondjes, en aan alle anderen met wie ik me kon uitleven 
in de natuur, of het nu fietsen, lopen, klimmen, zwemmen, (toer)skiën 
of tennissen was! Ook de mooie momenten met mijn studiegenoten in 
Leuven en daarbuiten zullen mij nog lang bijblijven. 
Mijn ouders, zussen en familie wil ik mijn dankbaarheid betuigen om 
mij zoveel mogelijkheden te bieden en me te maken tot wie ik nu ben.  
Maartje, mijn laatste maar zeker belangrijkste woorden van dank zijn 
voor jou. We hebben samen al zo veel mooie momenten beleefd, 
zowel hier als op onze reizen, maar het is maar in de momenten dat ik 
het wat moeilijker heb, dat ik ten volle besef wat je voor mij betekent. 









Oxyanion forming elements like As, Cr, Mo, Sb and Se are toxic and 
their occurrence and distribution in the environment must therefore be 
prevented as much as possible. Some industrial projects that were 
started during the last 6-7 years in our laboratory showed that there 
was still a lack of knowledge on oxyanion forming elements and of 
the practical implementation of such knowledge. For some oxyanions, 
increased concentrations were observed in the leachate when 
contaminated solid residues were heated in order to obtain a structured 
product. This could not be explained satisfactorily on the basis of 
existing results in literature. Furthermore, oxyanions also pose 
problems when they are present in industrial wastewaters, but the 
existing literature on removal of oxyanions from water by adsorption 
is mainly limited to their removal from synthetic solutions. The aim of 
this thesis is to control the formation and subsequent leaching of 
oxyanions during high temperature processes and to study the removal 
of oxyanions from industrial wastewater. Thus, the possibilities to 
treat and recycle industrial solid residues will be increased and there 
will be more options available for treating industrial wastewaters. 
Experiments with synthetic mixtures were performed to study the 
influence of process conditions like temperature and residence time on 
the formation and leaching of Cr and Mo oxyanions. Slightly soluble 
Cr(III) compounds can be oxidized to mobile and toxic Cr(VI) 
compounds in the presence of alkali and alkaline earth salts. No 
spontaneous oxidation was observed in the ambient atmosphere, but 
when Ca, Na or K salts were added, up to 80 % of Cr(III) was 
oxidized to Cr(VI) and leached. The leached amount of Cr reached a 
maximum at around 600 – 800 °C, after which the leaching decreased 




the newly formed chromates with SiO2, which became amorphous 
upon cooling and thus prevents the Cr leaching.  
To check the plausibility of these findings for real situations, two 
industrial solid residues that could possibly be valorized by thermal 
treatment, were heated under the same conditions as the synthetic 
samples. The leaching of Cr from sludge obtained after cleaning of 
contaminated soils and from the sand fraction of bottom ash from 
municipal solid waste incineration showed a similar leaching behavior 
as a function of temperature as the synthetic samples. The leaching of 
Mo from contaminated sludge increased as a function of temperature 
and could be attributed to the initial presence and subsequent 
oxidation of MoS2, a solid lubricant that is often used in mineral oils. 
When pure MoS2 samples were heated as a function of temperature, 
the observed leaching behavior was similar to that of the sludge.  The 
leaching of Mo from the sand fraction of bottom ash showed a 
decrease, similar to that observed for Cr, which could probably also be 
attributed to the formation of an amorphous phase of the molybdates 
with SiO2.  
Another aim of this thesis was to develop an adsorbent that can be 
used for the adsorption of oxyanions from real industrial wastewaters; 
as an example the method was applied on the scrubber effluent of a 
waste incinerator for hazardous waste. First, an adsorbent described in 
literature, zeolite-supported magnetite, was characterized and tested 
for the simultaneous removal of Mo, Sb and Se oxyanions from a 
synthetic solution. A lot of attention was paid to elements that can 
possibly interfere with oxyanion adsorption from industrial 
wastewaters. Then, the simultaneous adsorption of Mo, Sb and Se 
from the scrubber effluent was studied, which showed that mainly Mo 




To improve the adsorbent without losing its good adsorption 
characteristics, efforts were made to improve the coating of magnetite 
on the support material. As the coating of magnetite on zeolite was not 
optimal, it was opted to develop a new adsorbent with perlite as 
support material. Perlite-supported magnetite was characterized first 
by determining its specific surface area (55.3 m2/g), magnetite 
content, and the ideal pH for oxyanion adsorption (pH 3 – 5). Then, 
the simultaneous removal of As, Cr, Mo, Sb and Se from a synthetic 
solution was tested, and the adsorption order was determined to be 
Mo(VI) > As(V) > Sb(V) > Cr(VI) > Se(VI). It could also be 
concluded that with relatively low adsorbent dosages (1 g/l) most 
oxyanions could be removed for more than 75 % from an equimolar 
solution (2 mmol/l) containing all 5 elements. Finally, the adsorption 
of oxyanions from the scrubber effluent was tested. The presence of 
interfering compounds changed the adsorption order compared to that 
of the synthetic water and a higher adsorbent dosage was needed to 
remove the oxyanions. However, perlite-supported magnetite can still 
be used to remove oxyanions from industrial wastewater, especially 
when the main pollutants are Mo and/or Sb. 
In this PhD, it was studied how the distribution to the environment of 
oxyanions from solid residues from high temperature processes and 
from industrial wastewaters can be avoided or decreased. The 
mechanism responsible for the formation of oxyanions during high 
temperature processes was clarified and a new adsorbent material for 







Oxyanion vormende elementen zoals As, Cr, Mo, Sb en Se zijn 
toxisch, en daarom moet hun verspreiding in het milieu zo veel 
mogelijk voorkomen worden. Enkele industriële projecten die de 
laatste 6-7 jaar in ons labo werden opgestart, toonden aan dat er nog 
steeds een gebrek aan kennis bestond over deze elementen, en vooral 
over praktische toepassing van deze kennis. Voor enkele van deze 
elementen werden verhoogde uitloogconcentraties waargenomen 
wanneer gecontamineerde vaste residu’s werden verwarmd om ze om 
te zetten in een bouwstof. Deze verhoogde uitloogconcentraties 
konden niet worden verklaard aan de hand van de bestaande literatuur. 
Anderzijds kunnen oxyanionen ook problemen stellen wanneer ze 
aanwezig zijn in industriële afvalwaters, maar de literatuur over de 
verwijdering van oxyanionen uit water via adsorptie is voornamelijk 
gericht op synthetisch water. Het doel van deze thesis is om de 
vorming van oxyanionen tijdens hoge temperatuursprocessen te 
begrijpen en te controleren, en om de adsorptie van oxyanionen uit 
industrieel afvalwater te bestuderen. 
Om de invloed van procescondities zoals temperatuur en verblijftijd 
op de vorming en uitloging van oxyanionen van Cr en Mo te 
bestuderen, werden experimenten met synthetische stalen uigevoerd. 
In de aanwezigheid van zouten van alkali- en aardalkalimetalen bleek 
dat het slecht oplosbare driewaardig Cr kan worden geoxideerd tot het 
meer mobiele en toxische zeswaardig Cr. De oxidatie gebeurde niet 
spontaan in de aanwezigheid van omgevingslucht, maar wanneer Ca, 
Na of K-zouten werden toegevoegd werd tot 80 % van het 
driewaardige Cr geoxideerd en vervolgens uitgeloogd als zeswaardig 
Cr. Na het bereiken van een maximum rond 600 – 800 °C, daalde de 
Cr uitloging uit de synthetische stalen weer. Dit kon verklaard worden 




met SiO2, dat amorf wordt na afkoeling en daardoor de uitloging van 
Cr voorkomt. 
Om de juistheid van deze bevindingen te testen voor reële stalen, 
werden twee industriële vaste residu’s, die mogelijk kunnen 
gevaloriseerd worden door thermische behandeling, verwarmd onder 
dezelfde omstandigheden als de synthetische stalen. De uitloging van 
Cr uit slibs van de grondreiniging van verontreinigde bodems en van 
de zandfractie van bodemas van de verbranding van huishoudelijk 
vast afval vertoonde een gelijkaardig uitlooggedrag in functie van de 
temperatuur als de synthetische stalen. De uitloging van Mo uit de 
verontreinigde slibs verhoogde in functie van de temperatuur en is te 
wijten aan de aanwezigheid van MoS2, een smeermiddel dat vaak 
voorkomt in minerale oliën. Experimenten met puur MoS2 toonden 
aan dat het slecht oplosbare Mo(IV) wordt geoxideerd tot mobiele 
Mo(VI) verbindingen wanneer het verhit wordt en dat het 
uitlooggedrag in functie van de temperatuur vergelijkbaar is met dat 
van de slibs. De uitloging van Mo uit de zandfractie van bodemas 
vertoonde bij hoge temperaturen een daling, net zoals voor Cr, wat 
waarschijnlijk ook te wijten is aan de vorming van een amorfe fase 
van molybdaten met SiO2.  
Een ander doel van deze thesis was om een adsorbens te ontwikkelen 
dat kan gebruikt worden voor de adsorptie van oxyanionen uit reëel 
afvalwater; als voorbeeld werd hiervoor het effluent van de scrubber 
van een afvalverbrandingsoven voor gevaarlijk afval gebruikt. Eerst 
werd een bestaand adsorbens, zeolite-supported magnetite, 
gekarakteriseerd en getest voor de verwijdering van oxyanionen van 
Mo, Sb en Se uit een synthetisch water. Daarbij werd veel aandacht 
geschonken aan de mogelijke interferenties die kunnen optreden in 




elementen uit het effluent van de scrubber onderzocht, waaruit bleek 
dat voornamelijk Mo en Sb efficiënt konden verwijderd worden. 
Vervolgens werd er getracht om het adsorbens verder te verbeteren, 
zonder de goede adsorptiekarakteristieken te verliezen. De hechting 
van magnetiet op het dragermateriaal zeoliet was niet optimaal, 
daarom werd geopteerd om perliet als dragermateriaal te gebruiken. 
Het nieuw ontwikkelde adsorbens werd eerst grondig gekarakteriseerd 
door het bepalen van het specifieke oppervlak (55.3 m2/g), magnetiet 
gehalte (13%) en de ideale pH voor adsorptie van oxyanionen (pH 3 – 
5). Vervolgens werd er getracht om oxyanionen van As, Cr, Mo, Sb en 
Se simultaan te verwijderen uit een synthetische oplossing, waardoor 
de adsorptievolgorde kon worden bepaald (Mo(VI) > As(V) > Sb(V) 
> Cr(VI) > Se(VI)). Er kon worden besloten dat met relatief lage 
adsorbensconcentraties (1 g/l) de meeste oxyanionen voor meer dan 
75 % konden worden verwijderd uit een equimolaire (0.02 mmol/l) 
oplossing. Tenslotte werd de adsorptie van de oxyanionen uit het 
effluent van de scrubber getest. Door de aanwezigheid van 
interferenties werd de adsorptievolgorde gewijzigd t.o.v. het 
synthetisch water. Ook waren er over het algemeen hogere 
adsorbensconcentraties nodig om de oxyanionen te verwijderen, maar 
toch kan worden gesteld dat perlite-supported magnetite in staat is om 
oxyanionen te verwijderen uit reëel afvalwater, vooral wanneer Mo 
en/of Sb de voornaamste polluenten zijn. 
In deze doctoraatstekst werd onderzocht hoe de verspreiding van 
oxyanionen uit vaste residu’s van hoge temperatuursprocessen en 
industriële afvalwaters kan tegengegaan of verminderd worden. De 
mechanismes verantwoordelijk voor de vorming van oxyanionen 
tijdens hoge temperatuursprocessen werden verklaard en er werd een 
nieuw adsorbens ontwikkeld dat in staat is oxyanionen te verwijderen 
uit industrieel afvalwater. 
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Since 1991, research on waste treatment and on recycling and 
energetic valorization of waste streams has been carried out at the 
Division of Process Engineering for Sustainable Systems (the former 
Lab of Applied Physical Chemistry and Environmental Technology) 
at the Department of Chemical Engineering of the KU Leuven. The 
research focused on the stabilization/solidification of high temperature 
residues like metallurgical slags and fly and bottom ashes from MSWI 
incineration. In several residues from high temperature processes, high 
concentrations of cation forming heavy metals like Zn, Ni, Cu and Pb, 
and/or oxyanion forming elements like As, Cr, Mo, Sb and Se are 
found in the leachates. Theoretical knowledge on reducing their 
leached concentrations to meet the increasingly stringent regulatory 
limit values was built up through the years.  
Some industrial projects that were started during the last 6-7 years in 
our laboratory showed that there was still a lack of knowledge on 
oxyanion forming elements and of the practical implementation of 
such knowledge. For instance, the leachate of contaminated sludge 
shows high concentrations of Cu, Ni and Zn, and can therefore not be 
recycled, but should be deposited on a landfill at high cost. A method 
was developed to treat the sludge, which resulted in both 
environmental (reduction of the leached concentrations) and 
economical (reduced costs for landfilling) benefits. After the 
treatment, which consisted of a heat treatment to produce aggregates, 
increased concentrations of some oxyanion forming elements were 
however observed in the leachate, which could not be explained 
satisfactorily on the basis of existing results in literature. Similar 
behavior (increased leaching of oxyanions) was observed when the 
sand fraction of bottom ash was treated thermally in view of recycling. 
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A better understanding of this leaching could lead to an 
environmentally more benign process. 
Furthermore, oxyanions also pose problems when they are present in 
industrial wastewaters. These wastewaters are often effluents from 
high temperature processes, in which the oxyanions end up after 
leaching from the residues. Here also, some knowledge exists on the 
removal of oxyanions from synthetic waters, but examples of the 
removal of oxyanions from real industrial wastewaters are scarce. 
The aim of this PhD thesis is to control the formation and subsequent 
leaching of oxyanions during high temperature processes and to study 
the removal of oxyanions from industrial wastewater. In this 
introduction, the research of this PhD thesis will be put in a broader 
context. First, the regulations concerning oxyanions in waste and 
wastewater in Europe are given. Then, the state of the art on the two 
main topics, leaching of oxyanions from residues of high temperature 
processes and the removal of oxyanions from wastewater by 
adsorption, is presented. Based on the literature search about this state 
of the art, the knowledge gaps for these two topics are identified. They 
form the basis for the research aims and objectives of this thesis. The 
methods that are used for this research are described briefly. 
1.1 General framework 
Cr and As oxyanions have since long been recognized as priority 
pollutants by the US EPA, but other oxyanion forming elements like 
Sb, Se, Mo, V and W are nowadays also considered ‘emerging 
pollutants’: compounds that have gained increasing interest during 
recent years from an environmental point of view due to their 
moderate to high toxicity (Vandecasteele and Cornelis, 2010). The 
increased interest for oxyanion forming elements can be demonstrated 
Introduction 
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by the fact that several legislations have been adapted recently to 
include or decrease limit values for total or leached concentrations of 
oxyanion forming elements in or from waste. An overview is 
presented here on the relevant legislations, focusing on the oxyanion 
forming elements for which the limit values were lowered recently. 
 
In January 2011, new or lower limit values were included in the 
Flemish “basic quality standards for surface water”, as an 
implementation of the European Water Framework Directive 
(2000/60/EC). This regulation stipulates concentrations for toxic 
elements in industrial wastewaters that are discharged into surface 
waters (the emission is measured at the point where it leaves the 
installation, so dilution is disregarded). If these concentrations are 
exceeded, the wastewater is considered hazardous and the company 
cannot discharge the wastewater as such, but should try to lower the 
concentrations and/or apply for an environmental emission permit 
with appropriate discharge limits. Wastewater with pollutant 
concentrations higher than those set in the environmental emission 
permit require treatment prior to discharge. For Se, the concentration 
in the regulation was lowered from 10 to 3 µg/l (i.e. the limit value for 
drinking water set by the WHO). For Mo, Sb and V, there were no 
previous criteria, but in 2011 the concentrations were set at 350, 100 
and 5 µg/l, respectively. The concentration for As was lowered from 
30 to 5 µg/l and for Cr it remained unchanged at 50 µg/l. The lowered 
concentrations indicate a growing concern about the distribution of 
these oxyanion forming elements in the environment, but the specific 
wastewater considered in this thesis (the scrubber effluent of an 
incinerator for hazardous waste) is not subjected to this regulation. 
The scrubber effluent is classified by the European List of Waste 
(LoW, 2000/532/EC) under the code 19 01 06*. The asterisk indicates 
that the waste stream is classified as hazardous. As the wastewater is 
produced by a waste incinerator, it is subject to the European Waste 
Introduction 
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Incineration Directive (2000/76/EC), and therefore a permit should 
always be granted by the competent authorities.  
 
In the European Council Decision 2003/33/EC criteria for landfilling 
hazardous or non-hazardous waste are established. The leaching limit 
values for the acceptance of granular waste on four types of landfills 
(i.e. a landfill for inert waste, for non-hazardous waste, for hazardous 
waste that can be accepted on a landfill for non-hazardous waste and 
for hazardous waste) calculated for a liquid to solid ratio (L/S) of 10 
l/kg are shown in Table 1.1 for the oxyanion forming elements As, Cr, 
Mo, Sb and Se.  
In Flanders, leaching limits with regard to the use of materials in or as 
building material include two oxyanion forming elements: As and Cr. 
For As, this value is 0.8 mg/kg and for Cr it is 0.5 mg/kg, comparable 
to the limit values for the disposal of waste on a landfill for inert 
waste. These limit values must be met when using solid waste 
materials like bottom ash or contaminated soils in construction 
applications. 
Table 1.1: Leaching limits (mg/kg dry matter, L/S 10) for As, Cr, Mo, Sb and Se for 
acceptance of waste on landfills according to the European Council Decision 
2003/33/EC. 
Element (mg/kg) As Cr Mo Sb Se 
Inert 0.5 0.5 0.5 0.06 0.1 
Non-hazardous 2 10 10 0.7 0.5 
Hazardous on non-hazardous 2 10 10 0.7 0.5 
Hazardous 25 70 30 5 7 
 
This thesis focuses on the prevention, immobilization and/or treatment 
of oxyanions occurring in an industrial environment. Oxyanions in 
solid wastes often occur in residues from high temperature processes 
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like thermal treatment of waste, fossil fuel combustion and 
metallurgy; such as bottom ash, fly ashes, and slags. The mechanisms 
responsible for the formation of mobile Cr and Mo oxyanions during 
thermal processes are studied in this thesis. These two elements are of 
special interest, as high leaching concentrations were observed during 
an industrial project, the thermal treatment of contaminated sludge, 
which made the sludge unsuitable to be used as a secondary 
construction material. Based on literature review, it can be stated that 
elevated Cr and Mo leaching had been often observed after thermal 
processes, but its origin is not fully understood. 
In water, the presence of oxyanions mostly relates to the weathering of 
natural rocks or the leaching from mining residues or other industrial 
solid wastes. Oxyanions occurring in natural waters or wastewaters 
from industrial processes should be removed from the water to prevent 
them from polluting the environment or because their concentrations 
exceed discharge limits. Several studies have already been carried out 
on the removal of oxyanions from water, but most of them mainly 
focus on synthetic waters containing little or no interferences. In this 
work, an existing adsorbent will be tested for the removal of 
oxyanions from a real industrial wastewater: zeolite-supported 
magnetite, developed by the Institute of Geotechnics (Kosice, 
Slovakia) and which has already been tested for the removal of As and 
Cr from synthetic solutions. During the experiments, it became clear 
that the coating of magnetite onto the zeolite was not optimal. 
Therefore, several other support materials were tested, and perlite was 
selected as the best. The newly developed adsorbent, perlite-supported 
magnetite, was then also tested for the removal of oxyanions from 
synthetic and industrial wastewaters. The main focus in this thesis is 
on the removal of Mo, Sb and Se oxyanions. These three elements are 
present in the scrubber effluent of an incinerator for hazardous waste, 
and an appropriate treatment to remove them from the effluent should 
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be developed. When perlite-supported magnetite was tested as 
adsorbent, the removal of As and Cr oxyanions was also considered. 
1.2 State of the art – Literature overview 
The main industrial sources of oxyanions are solid residues from high 
temperature processes and wastewaters from leaching or washing of 
solid residues. Therefore, treatment of oxyanions should focus on 
these two types of waste. The state of the art knowledge on these two 
main industrial sources of oxyanions in the environment is given here. 
The leaching of oxyanions (i.e. Cr and Mo) after thermal treatment 
processes is discussed by summarizing relevant data from literature 
and up-to-date knowledge on the responsible mechanisms. The 
relevant literature on the removal of oxyanions from (waste)waters by 
adsorption is also summarized. This will allow discovering the 
knowledge gaps on these topics. 
1.2.1 Leaching of oxyanions from thermally treated waste 
Occurrence of oxyanions in solid residues 
Cr is used in various industries, such as the metallurgical industry 
(steel, ferro and non-ferrous alloys), refractories (chrome and chrome-
magnesite) and the chemical industry (pigments, electroplating, 
tanning,…) (Kotas and Stasicka, 2000). Like Cr, Mo is mainly used in 
metallurgical applications due to its high corrosion resistance and 
ability to withstand high temperatures. Molybdenum disulfide (MoS2) 
is used as a high temperature, high pressure resistant antiwear agent in 
solid lubricants. An important source for As in solid residues is 
burning of fossil fuels in power plants, where As mostly ends up in the 
fly ash (Bissen and Frimmel, 2003). Se is used in glassmaking, in the 
production of solar cells and in pigments. Sb is mainly used as a fire 
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retardant, or as an alloy, for instance in bullets or batteries. Typical 
concentrations of As, Cr, Mo, Sb and Se in MSWI bottom ash, coal 
bottom ash and steels slag are shown in Table 1.2 (Cornelis et al., 
2008). 
 
Table 1.2: Typical concentrations (in mg/kg) of As, Cr, Mo, Sb and Se in MSWI 













fly ash Steel slag 
As 0.1-200 40-300 0.02-200 2-400 5 
Cr 20-3000 100-1000 0.2-6000 4-900 8000-30000 
Mo 2-300 15-200 1-500 1-100 20 
Sb 10-400 300-1000 NA NA NA 
Se 0.05-10 0.4-30 0.1-10 0.2-100 NA 
NA = not available 
Thermal treatment of waste 
Waste streams are thermally treated to remove, destroy or immobilize 
toxic components present in the waste. Organic pollutants, like 
polycyclic aromatic hydrocarbons (PAHs), solvents, pesticides and 
PCBs can be removed from contaminated soils by thermal desorption 
(Zhang and Xu, 2011, Timberlake and Garbaciak, 1995) and are 
subsequently destroyed. If leaching of heavy metal cations like Cu2+, 
Ni2+, Pb2+ and Zn2+ exceeds regulatory limit values, this is often 
related to the presence of humic substances (mainly humic and fulvic 
acids) in the waste, as the humic substances form mobile organo-
metallic complexes with cations of Cu, Pb, Ni and Zn (Pandey et al., 
2000). Removal or destruction of organic substances by thermal 
treatment decreases the leaching of toxic cations. 
Introduction 
8 
Thermal treatment can also be used to obtain a structured product that 
can be used in or as construction material (Hyks et al., 2011, Van 
Gerven et al., 2006, Bethanis et al., 2004, Cheeseman et al., 2005, 
Selinger et al., 1997). Typical examples of waste streams that can be 
recycled in this way are sewage sludge, dredging sediments, bottom 
ashes and fly ashes from coal combustion or MSW incineration 
(Cheeseman et al., 2005, Bethanis et al., 2004, Hyks et al., 2011). 
Commercial products that can be obtained from such treatment are 
mainly ceramics: floor and roof tiles, bricks and (lightweight) 
aggregates. A distinction should be made between sintered and 
vitrified products, and glass-ceramics. Sintered materials are produced 
at temperatures below the melting temperature of the material; the 
individual grains are fused together at their contact points, creating 
one solid piece. Vitrification occurs at temperatures above the melting 
point of the material: the material is melted first and then rapidly 
cooled so that an amorphous material is obtained. As vitrification 
transforms a material into a glass, the contaminants are trapped into an 
amorphous glass phase and are thereby prevented from leaching. 
Vitrification is for instance used to immobilize radioactive waste, but 
requires substantially more energy than sintering. Glass-ceramics 
contain both amorphous and crystalline phases, with the amount of 
crystalline phases typically ranging between 30 and 90 %. They are 
produced by forming a glass, which is reheated to partially crystallize 
the glass again.  
Leaching of Cr and Mo after thermal treatment of waste streams 
After thermal treatment of waste streams that contain organic 
compounds, leaching of cation forming heavy metals like Cu, Ni, Pb 
and Zn decreases in most cases due to destruction of the organic 
compounds that can form soluble organo-metallic complexes with 
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these cations. However, some authors also observed increased Cr 
and/or Mo leaching after such thermal treatment. 
Leaching of Cr 
Chang et al. (2007) produced lightweight aggregates by sintering 
metal sludge from industrial wastewater treatment plants mixed with 
mining residues between 850 and 1250 °C. They performed a 
sequential extraction of the sintered material and observed a 
maximum concentration of 89.6 mg/kg of water-extractable Cr at 950 
°C, compared to 5.4 mg/kg for the untreated material. At temperatures 
above 950 °C, the water-extractable Cr concentration decreased again, 
to a value of 2.0 mg/kg at 1250 °C. Xu et al. (2008) produced 
ceramsite (a type of lightweight aggregate) by using sewage sludge 
with a high concentration of Cd, Cr, Cu and Pb as an additive in the 
production process (no information was given on the added 
percentage or on the other components that make up the mixture). At 
850 °C, they observed a maximum in Cr leaching, which decreased at 
higher temperatures. 
 
Elevated Cr leaching was also observed for residues from other types 
of thermal processes: the combustion of coal, biomass and municipal 
solid waste. Abbas et al. (2001) observed elevated Cr(VI) leaching in 
the bottom ash of a municipal solid waste (MSW) fluidized bed 
incinerator working at temperatures between 780 and 850 °C; the 
measured values were 3 orders of magnitude higher than those in the 
hopper, cyclone and filter ashes. Hyks et al. (2011) performed an 
additional treatment of bottom ashes from MSW incineration in a 
rotary kiln at 930 and 1080 °C to improve the leaching quality of the 
ashes. However, they found an increase in Cr leaching of more than 




To simulate the Cr leaching after thermal treatment of fly ash in view 
of using it as construction material, Wang et al. (2001) spiked fly ash 
samples of MSW incineration with 5 % Cr2O3 and heated it in various 
atmospheres at temperatures between 600 and 1000 °C. Cr leaching of 
the unspiked fly ash was at its maximum value at 900 °C and 
decreased again at higher temperatures. For the spiked samples, Cr 
leaching was maximal at 800 °C in ambient atmosphere; heating under 
N2 atmosphere did not increase Cr leaching significantly. Hu et al. 
(2013) also reheated fly ash from MSW incineration and observed 
higher Cr concentrations in the leachate upon heating. Stam et al. 
(2011) did a speciation of Cr in coal and biomass (e.g. meat and bone 
mill, sewage sludge, wood,…) co-combustion products, and found the 
highest Cr(VI) percentages (up to 16 % of the total Cr amount) after 
cofiring wood. 
 
Also during the production of cement, leaching of Cr poses problems. 
Vangelatos et al. (2009) produced Portland Cement (PC) by mixing 
limestone and sandstone with 1, 3 or 5 % of red mud. After heating at 
1450 or 1550 °C, 32 to 35 % of the Cr initially present was converted 
into water soluble Cr. Sinyoung et al. (2011) studied the Cr behavior 
during cement production and concluded that Cr containing wastes 
should not be mixed with raw materials in the cement manufacturing 
process, as this caused Cr leaching from clinker to exceed the limits 
set by the US EPA. Chen et al. (2012) also observed limit values 
exceeding the regulatory limits, when Cr bearing sludge was used to 
produce clinker under oxidizing atmosphere. 
 
These studies show that in multiple domains, increased Cr leaching is 
observed after thermal treatment. Several authors suggest that the 
increase in Cr leaching can be attributed to oxidation of slightly 
soluble Cr(III) compounds to mobile Cr(VI) compounds, as increased 
Cr leaching was observed under oxidizing conditions, but not under 
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inert atmosphere (Wang et al. 2001, Chen et al. 2012). The oxidation 
of Cr(III) cannot occur in ambient atmosphere alone, as reaction (1) is 
thermodynamically not feasible (i.e. has a positive ∆G0 value) at 
temperatures below 1500 °C.  
 
Cr2O3 + 3/2 O2  2 CrO3         (1) 
 
Some authors suggest reactions including alkali and alkaline earth 
salts for the oxidation of Cr(III) to Cr(VI), more specifically in the 
presence of Ca (Paoletti, 2002, Stam et al., 2011, Hu et al., 2013, Kirk 
et al., 2002) and K (Wang et al., 2001, Lehmusto et al., 2012, El-
Hasan et al., 2011), according to reactions similar to (2) and (3): 
 
Cr2O3 + 2 CaO + 3/2 O2  2 CaCrO4          (2) 
 
Cr2O3 + 4 KOH + 3/2 O2  2 K2CrO4 + 2 H2O                (3) 
 
Little is known about the thermodynamics and kinetics of these 
reactions, and the papers cited above describe the reactions (2) and (3) 
as the reactions responsible for increased Cr formation, but do not 
consider temperature dependency, nor the influence of heating time. 
They only describe Cr leaching at one fixed temperature, or in a 
relatively small temperature interval. Furthermore, the reactions with 
different alkali or alkaline earth salts have not been compared so far. 
 
Several papers cited above also report a decrease in Cr leaching after 
the maximum value has been reached. Some explanations for this 
decrease have been hypothesized, but they are sometimes 
contradictory and no general mechanism was formulated that could be 
applied for all described cases. Some authors suggest that the formed 
Cr(VI) can be reduced to Cr(III), either by more reducing conditions 
at higher temperatures (Sorensen et al., 2000), or by reducing 
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compounds in the samples, e.g. metallic aluminum (Astrup et al., 
2005, Bodenan et al., 2010, Abbas et al., 2001). It is also hypothesized 
that solid solution formation of Cr(VI) with ettringite is a possible 
mechanism to explain the decreased leaching in alkaline solid wastes 
(Cornelis et al., 2008). At temperatures above the typical sintering 
temperatures, vitrification occurs, and the amorphous structure that is 
formed upon cooling can also prevent Cr from leaching (Tuan et al., 
2012). The many different mechanisms that are suggested clearly 
show that the available literature describing the reduced Cr leaching is 
sometimes incoherent. 
Leaching of Mo 
Leaching of Mo after thermal treatment of waste streams was less 
often reported than the leaching of Cr, as Mo concentrations in the 
leachate are not regulated in some countries and/or for some 
applications (i.e. it is not regulated in Flanders for use in or as 
construction material). Both Cr and Mo are in the same group of the 
periodic system of the elements (Group 6), so their chemical behavior 
will be similar and it can be expected that increased Mo leaching can 
occur together with increased Cr leaching. 
 
Alonso-Santurde et al. (2008) observed that for contaminated marine 
sediments (two types of clay), the Mo leaching had increased after 
sintering. Gonzalez-Corrochano et al. (2012) sintered mixtures of 
inorganic sludge and fly ash and also observed increased leaching of 
Mo (and As, Sb) after sintering. Hyks et al. (2012), who treated 
bottom ash by heating it in a rotary kiln, observed that Mo leaching 
had increased 4 times after heat treatment. Quijorna et al. (2012) 
produced red clay bricks by mixing clay with foundry sand and Waelz 
slag and firing the mixture; Mo leaching after firing exceeded the limit 
values. Whereas attempts were made in literature to explain the 
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increased Cr leaching after high temperature processes, no explanation 
was found in literature for the increased release of Mo upon heating.  
1.2.2 Adsorption of oxyanions from industrial wastewater 
Occurrence of oxyanions in water 
Cr in surface waters can originate from natural sources, like 
weathering of rock constituents. Local increases in Cr concentrations 
in waters can be caused by the discharge of wastewater from the 
metallurgical industry, electroplating and tanning industries, from 
dying, sanitary landfill leaching, water cooling towers and from 
chemical industries (Kotas and Stasicka, 2000). The main source for 
the occurrence of Mo in waters is discharge of wastewater from the 
metallurgical industry (Barceloux, 1999). As can end up in (ground) 
water due to its use as a wood preservative, from weathering of As 
containing rocks, or from its presence in mine drainage water (Bissen 
and Frimmel, 2003). Sources of Se in water are agricultural, mining 
and petrochemical industries. Major sources of Sb in water are 
discharge from petroleum refineries, fire retardants and electronics 
(US EPA). 
Most industrial sources contributing to the presence of oxyanions in 
(waste)waters, do not just release only one single oxyanion in the 
water, but a range of oxyanions along with anions like chlorides, 
sulphates and phosphates. 
Removal of oxyanions from water 
Several techniques exist for the removal of oxyanions from water: 
oxidation/reduction reactions followed by coagulation/ 
(co)precipitation, adsorption, ion exchange and membrane techniques. 
The use of oxidation/reduction techniques might be beneficial for one 
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specific oxyanion forming element (e.g. the oxidation of As(III) to 
As(V) followed by coprecipitation with FeCl3 (Holm and Wilson, 
2006)), but produces toxic sludge. The use of membranes 
(nanofiltration, reverse osmosis and electrodialysis) and ion-exhange 
resins to remove oxyanions requires high capital and running costs 
(Mohan and Pitman, 2007). Although they are capable of removing 
multiple contaminants at once from a wastewater stream with high 
removal efficiency, membrane techniques are also prone to fouling 
when waters with high salt concentrations are treated, as is the case 
for most industrial wastewaters.  
The use of adsorbents is a cheap and simple technique, capable of the 
simultaneous removal of different oxyanions. Examples of adsorbents 
that can be used for the removal of oxyanions are activated carbon, 
manganese oxides, aluminum and titanium based adsorbents, and iron 
oxides and hydroxides. Activated carbon is a relatively expensive 
adsorbent, which can readily adsorb organic compounds like PCBs 
and PAHs, pesticides, dyes and aromatic solvents. Inorganic 
components do not bind well to activated carbon, and to obtain good 
removal capacities for e.g. metals and oxyanions, the surface of 
activated carbon should be pretreated or coated. This can be achieved 
by impregnating the surface with e.g. iron oxides (Vaughan and Reed, 
2005; Chen et al., 2007), or by a modification of the surface by e.g. 
cationic surfactants (Choi et al., 2009). 
Iron oxides and hydroxides can be produced at low-cost and are 
widely used for the adsorption of oxyanions, as they have a high 
affinity for oxyanions, but their adsorption efficiency is highest only 
at low pH (Adegoke et al., 2012, Hua et al., 2012, Gallegos-Garcia et 
al., 2012). If the adsorbent cannot be regenerated, it must be disposed 
of as toxic solid waste. 
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Experiments with adsorbents have been carried out by many authors 
for several oxyanions. The most studied oxyanion forming element is 
As, as As is recognized as the number one priority pollutant by the US 
EPA. The poisoning of water with As is a large problem in many 
Asian and South American countries like India, Nepal, Bangladesh 
and Argentina, where many people die due to chronic intake of 
contaminated water.  
In the most comprehensive review article to date on As adsorption 
(Mohan and Pitman, 2007), an overview is presented of all possible 
adsorbents that can be used, together with the types of water that have 
been treated.  From the + 160 listed experiments (Mohan and Pitman, 
2007, Table 5), in only 10 % (16 papers) the authors claim that they 
can treat industrial wastewaters by adsorption, the others studied the 
adsorption of As from drinking, ground, spring or tap water or from 
(synthetic) aqueous solutions, which contain little or no interferences. 
A more thorough investigation of these 16 papers showed that, 
although most of these claim that industrial wastewaters can be 
treated, only experiments with synthetic solutions containing one or 
two oxyanions were performed. Only two papers (Manju et al., 1998, 
Navarro and Alguacil, 2002) perform tests with industrial wastewaters 
or synthetic solutions simulating an industrial wastewater. Navarro 
and Alguacil did adsorption tests with activated carbon on a copper 
electrorefining solution containing Cu, As, Sb and SO42- and observed 
a high selectivity for As and Sb, as no Cu or SO42- was loaded onto the 
carbon. Manju et al. adsorbed arsenite using coconut husk carbon 
from synthetic and industrial wastewaters from the fertilizer industry, 
containing, amongst others, 3.8 mg/l As(III), 89 mg/l PO43-, 66 mg/l 
NO3- and 140 mg/l Cl-. 
 
Besides As, also other oxyanion forming elements have been studied, 
albeit less intensively. Results from review articles on adsorption 
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covering several oxyanions (Adegoke et al. 2013, Gua et al., 2012) 
indicate that the removal of other oxyanion forming elements is also 
mostly studied for synthetic aqueous solutions. Xu et al. (2013) 
reviewed different adsorbents for MoO42- removal and it seems that 
the research had mainly been focused on adsorption from synthetic 
solutions. A similar review on CrO42- removal by Owlad et al. (2009) 
also mainly describes results from synthetic waters. 
 
Although many papers treat the removal of oxyanions from water by 
adsorption, little attention is paid to the treatment of industrial 
wastewaters, but there are many contaminated industrial wastewater 
for which appropriate treatment techniques are required. Examples of 
such contaminated wastewaters are leachates from residues from high 
temperature processes like the thermal treatment of waste (bottom ash, 
flue gas cleaning residue), fossil fuel combustion or metallurgy 
(Cornelis et al., 2008). 
Adsorption of oxyanions on iron (hydr)oxides 
Iron oxides and hydroxides are well-known adsorbents for oxyanions 
from aqueous solutions. Among the iron oxides that are used for 
adsorption are polymorphs of Fe2O3 (hematite and maghemite) and of 
FeOOH (goethite, akaganeite, lepidocrocite, …), green rusts 
([FeII(1−x)FeIIIx(OH)2]x+ . [(x/n)An− ·  mH2O]x− with An− = CO32−, SO42−, 
Cl−, OH−), Fe3O4 (magnetite) and ferrihydrite (Fe2O3. xH2O). Most of 
them are ferric (Fe(III)) oxides and hydroxides, except magnetite, 
which is a mixed Fe(II) - Fe(III) mineral. 
These iron oxides and hydroxides can adsorb various oxyanions like 
chromate and chromite (CrO42- and Cr2O42-), molybdate (MoO42-), 
arsenite and arsenate (AsO33- and AsO43-), selenite and selenate 
(SeO32- and SeO42-), antimonite and antimonate (Sb(OH)4- and 
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Sb(OH)6-), vanadate (VO43-), tungstate (WO42-), and anions like 
phosphate (PO43-), chloride (Cl-), sulphate (SO42-) and carbonate 
(CO32-) (Gua et al., 2012, Adegoke et al., 2012, Kolbe et al., 2011, 
Leuz et al., 2006, Zheng et al., 2004, Mansour et al., 2009, 
Gustafsson, 2003, Holm, 2002, Frau et al., 2010). Oxyanions are 
adsorbed on iron (hydr)oxides by the formation of surface complexes; 
the two main surface complexes are inner- or outer-sphere complexes.  
Inner-sphere complex formation is the mechanism when ions bind 
directly onto specific sites on the surface of the adsorbent via a 
covalent or ionic bond; the water molecules on the hydrated adsorbent 
surface are replaced by the adsorbate molecules. Due to the strong and 
specific binding between adsorbate and adsorbent, an anion can bind 
to a mineral surface at a pH value above the point of zero charge 
(pHPZC). The specific binding of the adsorbate onto the surface will 
alter the surface charge and therefore also change the pHPZC. Inner-
sphere complexes are monodentate complexes (adsorbate bound to the 
adsorbent surface at only one binding site) or polydentate complexes 
(the adsorbate is bound to the adsorbent surface at two or more 
binding sites), as shown in Figure 1.1. Inner-sphere complex 
formation is also called specific or chemical adsorption and due to the 
specific binding, which is mostly not reversible, regeneration of the 
adsorbent is not easy at low cost. 
For outer-sphere complex formation, ions bind to the hydration shell 
of the adsorbent and not directly to the surface, and no water 
molecules are displaced from the hydrated surface. The main driving 
force for the adsorption is electrostatic interaction and the pHPZC of 
the adsorbent will not be altered. Outer-sphere complex formation is 





Figure 1.1. Schematic representation of monodentate and bidentate inner-sphere 
surface complexes (adapted from Gallegos-Garcia et al., 2012). 
Use of magnetite for oxyanion adsorption 
The iron oxide based adsorbent studied in this work is magnetite, an 
effective adsorbent for several oxyanions like arsenite and arsenate 
(Jönsson and Sherman, 2008, Mamindy-Pajany et al., 2011, Shipley et 
al., 2009, Su and Puls, 2008, Yean et al., 2005), molybdate (Rovira et 
al., 2006), chromate (Gallios and Vaclavikoca, 2008, Yuan et al., 
2010), selenite and selenate (Martinez et al., 2006; Missana et al., 
2009, Jordan et al., 2009). Magnetite is of special interest as it can 
easily be produced in the laboratory at very small (nanoscale particles) 
sizes (Yuan et al., 2010, Petrova et al., 2011), which ensures a high 
specific surface area and therefore also a high adsorption capacity 
(Petrova et al., 2011, Yean et al., 2005, Mayo et al., 2007). The 
influence of the particle size on the adsorption capacity was 
demonstrated by Mayo et al. (2007) for As adsorption on magnetite. 
As the particle size decreased from 300 to 12 nm the adsorption 
capacity per gram adsorbent for both As(III) and As(V) increased 
nearly 200 times. Based on the particle size only, the adsorption 
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capacity per gram adsorbent should be more than 600 times higher for 
the smaller particles than for the larger particles. The difference might 
be explained by the particles with a size of 300 nm partially consisting 
of agglomerates of somewhat smaller particles. 
However, small particles inhibit the use of magnetite in continuous 
wastewater treatment, as nanosized material cannot be used in an 
adsorption column, which is the most widely used continuous 
adsorption setup (Petrova et al., 2011), due to a large pressure buildup 
in the column. For continuous column applications, nanosized 
material coated on a larger sized support material can be used, without 
significant loss of the adsorption capacity. This was demonstrated by 
Yuan et al. (2009 and 2010), who performed adsorption tests for the 
removal of Cr(VI) with montmorillonite-supported and diatomite-
supported magnetite. Mostafa et al. (2011) coated hematite on perlite 
for the removal of AsO43-. Vaclavikova et al. (2010) and Gallios and 
Vaclavikova (2008) performed experiments with zeolite-supported 
magnetite for the removal of AsO43- and CrO42-. As mentioned for the 
removal of As, the adsorption of oxyanions by iron oxides, or more 
specifically by magnetite, is mainly focused on removal from 
synthetic solutions and examples for real industrial wastewaters are 
scarce. 
Adsorption modeling 
To study the adsorption mechanisms of the different oxyanions, 
adsorption modeling was done by using the geochemical modeling 
program Visual Minteq (version 3.0, developed by J.P. Gustafsson, 
2011). Different models can be used to model the adsorption of 
oxyanions onto iron oxide (i.e. magnetite) surfaces. We chose the 
extended Triple Layer Model (TLM) (Davis et al., 1978; Davis and 
Leckie, 1980; Hayes and Leckie., 1986), a multilayer surface 
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complexation model. Adsorption can be modelled in three different 
layers (Figure 1.2): ions adsorbing in the ο-plane are inner-sphere 
complexes, adsorption of ions in the β-plane corresponds to outer-
sphere complexes, and the d-plane represents the diffuse layer 
(Balistrieri and Chao 1990). By running separate simulations for either 
inner- or outer-sphere complex formation, and comparing the outcome 
of these simulations with experimental data, the predominant 
adsorption mechanism for the adsorption of each oxyanion onto 
magnetite can be determined. The simulation can also be run with 
different species of one oxyanion (e.g. fully protonated or fully 
deprotonated) to determine which species is the most likely to adsorb 
onto the magnetite surface.  
In order to run a proper simulation in Visual Minteq, a number of 
parameters are needed to build the model. These parameters include 
the surface area of the adsorbent, two capacitance parameters C1 and 
C2 for the inner and outer layer (Figure 1.2), the surface site density 
and log K values for the protonation/deprotonation of the adsorbent 
surface.  
The values of these parameters and how they are obtained is described 
in more detail in our publications1. The capacitance parameters C1 and 
C2 are used to relate the charge at the surface to the charge at some 
distance away from the surface. σo, σβ and σd represent the charges at 
the o, β and d plane, respectively, while ψo, ψβ and ψd represent the 
respective potentials. 
                                                 
1
 Verbinnen, B., Block, C., Hannes, D., Lievens, P., Vaclavikova, M., Stefusova, K., Gallios, G., 
Vandecasteele, C. (2012). Removal of Molybdate Anions from Water by Adsorption on Zeolite-
Supported Magnetite. Water Environment Research, 84 (9), 753-760. 
Verbinnen, B., Block, C., Lievens, P., Van Brecht, A., Vandecasteele, C. (2013). Simultaneous Removal 
of Molybdenum, Antimony and Selenium Oxyanions from Wastewater by Adsorption on Supported 




Figure 1.2. Schematic representation of ions, capacitances, charges and potentials in 
the TLM (adapted from Goldberg, 1992). 
The regions between the o and β plane and between the β and the d 
plane are considered to be capacitors with capacitances C1 and C2, and 
the inner-layer capacitance C1 relates the charge at the innermost 
plane of adsorption (σo) to the drop in potential at a distance β 
according to equation (4) (Sverjensky, 2001, Hayes and Leckie, 



















=2                      (5) 
 
The most important parameters for adsorption modeling are the log K 
values for the surface complexation reactions of the different 
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oxyanions. These can be obtained from similar experiments described 
in literature, but the modeling can also be used to estimate log K 
values for surface complexation reactions if these are not yet or poorly 
described in literature. An example of the notation of the surface 
complexes is given in equations (6) and (7), with equation (6) 
representing inner-sphere complex formation and equation (7) outer-
sphere complex formation. >FeOH respresents the (hydrated) iron 
oxide surface, and outer-sphere complexes are indicated by an 
underscore between the surface and the adsorbate. 
 
>FeOH + SeO32- + H+    >FeSeO3- + H2O                 (6) 
 





For the leaching of oxyanions from thermally treated waste the 
conclusions from the literature review are: 
• Literature data show that after thermal treatment of Cr and Mo 
containing materials, the leaching of Cr and Mo may pose 
problems. Possible explanations are given in literature, but no 
generalized explanation for the elevated leaching after heating 
and the influence of process conditions like heating 
temperature or residence time has been given. 
• Some authors report a decrease in Cr and Mo leaching at 
temperatures above those reported for increased leaching. 
There is no sufficient explanation for this decrease. 
 
For the removal of oxyanions from industrial wastewater by 
adsorption the conclusions from the literature review are: 
 
• Until now, research on removal of oxyanions by adsorption 
mainly focused on synthetic solutions containing only one 
oxyanion with no or only one interfering (oxy)anion(s). 
• Magnetite has a high removal capacity for oxyanions, because 
it can easily be produced in small sizes. However, magnetite 
with small particle sizes is difficult to apply in continuous 
water treatment systems. This could be avoided by coating 
nanosized magnetite on a support material. This allows using 
the adsorbent in a continuous column setup due to the larger 
size of the support material, with high adsorption capacity due 
to the small size of magnetite. 
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1.4 Research aim and objectives 
The aim of this PhD thesis is to control the formation and subsequent 
leaching of oxyanions during high temperature processes and to study 
the removal of oxyanions from industrial wastewater. Thus, the 
possibilities to treat and recycle industrial solid residues will be 
increased and there will be more options to treat industrial 
wastewaters. To reach this goal and based on the conclusions from the 
literature overview, the research objectives for this thesis were defined 
as follows: 
For the leaching of oxyanions from thermally treated waste: 
• Identify the cause of elevated leaching of oxyanions from 
thermally treated industrial waste streams, and develop a 
general framework to explain this increase for both Cr and Mo. 
• Identify the mechanism that is responsible for the subsequent 
decrease of leaching of Cr and Mo from materials heated at 
more elevated temperatures. 
• Test the mechanisms for the initial increase and subsequent 
decrease at higher temperatures of Cr and Mo leaching by 
characterizing the leaching behavior of two industrial waste 
streams: the sand fraction of bottom ash from MSW 
incineration and contaminated sludge from soil cleaning. 
 
For the removal of oxyanions from industrial wastewater by 
adsorption: 
 
• Characterize and test an adsorbent (zeolite-supported 
magnetite) for simultaneous removal of Mo, Sb and Se 
oxyanions from synthetic solutions and industrial wastewater, 
with specific attention to possible interfering (oxy)anions. 
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• Develop a new adsorbent (perlite-supported magnetite) that 
can adsorb different oxyanions simultaneously, based on the 
good characteristics of zeolite-supported magnetite, but with 
improved coating of magnetite onto the support material. Test 
this adsorbent for the simultaneous adsorption of different 
oxyanions from an industrial wastewater.  
1.5 Research methods 
Experiments with synthetic samples are conducted to identify the 
mechanisms responsible for the elevated leaching of oxyanions from 
thermally treated industrial waste streams. The synthetic samples are 
prepared by mixing Cr2O3 with alkali and alkaline earth salts and 
these samples are heated at different temperatures, residence times and 
oxygen levels. MoS2 was heated at different temperatures to check the 
possible oxidation of Mo(IV) compounds. Once a general mechanism 
is identified with the aid of the experimental data, it is checked by 
conducting thermodynamic calculations using the FactSage software 
(Bale et al., version 2.6). As a proof that the mechanism is also 
plausible for real industrial solid wastes, two types of contaminated 
solid wastes (the sand fraction of bottom ash from MSW incineration 
and sludge from soil cleaning) are subjected to the same heat 
treatment as the synthetic samples and their leaching behavior is 
compared. 
The adsorption of oxyanions from wastewater is first checked by 
adsorption tests with zeolite-supported magnetite on synthetic 
solutions of Mo, Sb and Se oxyanions to determine the adsorption 
mechanisms and kinetics. After thorough research on the interfering 
compounds for adsorption, adsorption experiments for the 
simultaneous removal of these three elements from an industrial 
wastewater (the scrubber effluent of an incinerator for hazardous 
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waste) are performed. As the coating of zeolite by magnetite seemed 
to be poor, a new adsorbent, perlite-supported magnetite, is 
developed, incorporating the good characteristics of zeolite-supported 
magnetite, but improving the coating of magnetite on the support 
material. This adsorbent is characterized first and then tested for the 
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2. Leaching of oxyanions from thermally 
treated waste 
In this chapter, the research on the leaching of oxyanions from 
thermally treated waste will be presented. The research aim for this 
part of the thesis was to control the formation and subsequent leaching 
of oxyanions during high temperature processes to increase their reuse 
potential. Cr and Mo oxyanions were of special interest, as high 
leaching concentrations of these two elements were observed during 
an industrial project. The following research objectives were defined: 
• Identify the cause of elevated leaching of oxyanions from 
thermally treated industrial waste streams, and develop a 
general framework to explain this increase for both Cr and Mo. 
• Identify the mechanism that is responsible for the subsequent 
decrease of leaching of Cr and Mo from materials heated at 
more elevated temperatures. 
• Test the mechanisms for the initial increase and subsequent 
decrease at higher temperatures of Cr and Mo leaching by 
characterizing the leaching behavior of two industrial waste 
streams: the sand fraction of bottom ash from MSW 
incineration and contaminated sludge from soil cleaning. 
The research will be presented by the relevant accepted or submitted 
papers that are included hereafter. In addition, a summary of the 
research is given first. 
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2.1 Summary 
The formation mechanism of mobile Cr(VI) oxyanions in the presence 
of alkali and alkaline earth salts was elucidated by performing heating 
experiments with synthetic samples of Cr2O3 mixed with Na, K, Mg 
and Ca salts (Figure 2.1). During heating in ambient atmosphere at 
temperatures between 200 and 1100 °C, no formation and subsequent 
leaching of Cr(VI) was observed when Cr2O3 was heated in ambient 
atmosphere, or when it was mixed with MgO and heated. When Cr2O3 
was mixed with KOH, NaOH or CaO and heated in ambient 
atmosphere, formation and subsequent leaching of Cr(VI) was 
detected. This was confirmed by thermodynamic calculations using 
the FactSage software (a fully integrated database computing system 
that can be used to calculate phase diagrams and thermodynamic 
equilibria, version 6.2). 
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Figure 2.1: Leaching of Cr(VI) as a function of heating temperature after heating of 
Cr2O3 in the presence of O2 and NaOH, KOH, CaO, or MgO. 
 
The conversion of Cr(III) to Cr(VI) compounds is highest when 
NaOH is mixed with Cr2O3: after heating for 30 min at 600 °C, a 
maximum conversion of 79 % was detected. A kinetic evaluation 
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showed that the conversion proceeded faster at higher temperatures. 
After the maximum conversion was reached, leaching of Cr decreased 
again. This was attributed to the melting of the formed chromates in 
the presence of SiO2 (added as bed material in the crucibles), a binary 
system that forms an amorphous phase upon cooling, preventing Cr 
from leaching. 
 
Increased Mo leaching upon heating can be related to the presence of 
MoS2 in the untreated material. MoS2 is commonly used as a dry 
lubricant and is therefore probably found in soils contaminated with 
mineral oils. Upon heating, MoS2 is oxidized to mobile Mo(VI) 
compounds and leached. 
 
The plausibility of the two mechanisms for Cr(VI) and Mo(VI) 
formation and subsequent leaching after heat treatment was tested for 
two industrial waste streams: contaminated sludge from soil washing 
and the sand fraction of bottom ash from municipal solid waste 
incineration. The examined contaminated sludge contains high 
concentrations of toxic elements like Zn, Ni, Pb, Cu and Cr and the 
leached concentrations of the cation forming heavy metals Ni, Cu and 
Zn exceed the regulatory limits. The leaching of these 3 elements can 
be decreased below the limit values by heating the sludge, as this 
destroys the humic substances that form soluble organo-metallic 
complexes with these cation forming elements.  
 
After destruction of the organic material, an increase in Cr and Mo 
leaching was observed. The leaching of Cr(VI) as a function of the 
heating temperature (Figure 2.2) was consistent with the findings from 
the tests performed for synthetic mixtures, so it is clear that the 
reaction of Cr(III) compounds with alkali and/or alkaline earth salts is 
responsible for the increased Cr leaching after heating of the 
contaminated sludge. A decrease in Cr leaching similar to the 
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synthetic mixtures is observed at higher temperatures. For 
contaminated sludge, several explanations can be considered for this 
decrease, but most likely the same explanation as for the synthetic 
samples (i.e. the formation of an amorphous phase upon cooling 
preventing Cr from leaching) holds true. However, at high 
temperatures (> 1000 °C), reduction (because the inner part of the 
sample is shielded from oxygen by the formation of a vitrified outer 
layer) and/or vitrification might also play a role.  
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Figure 2.2: Leaching of Cr after heating from contaminated sludge as a function of 
heating temperature and residence time 
 
Mo leaching from contaminated sludge increases for temperatures up 
to 900 °C for all residence times (Figure 2.3). Contrary to the Cr 
leaching behavior, Mo leaching does not decrease at temperatures 
above 700 °C. Above 1025 °C (shown only for a residence time of 0.5 
h in Figure 2.3), the leached concentrations decrease due to 
vitrification of the material. 
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Figure 2.3: Leaching of Mo after heating from contaminated sludge as a function of 
heating temperature and residence time. 
 
For the sand fraction of bottom ash (i.e. the fraction with a size 65 µm 
– 2 mm that is obtained after size separation and ferrous and non-
ferrous separation), no increase in Mo leaching is detected anymore 
upon heating, as Mo is probably not present as MoS2 in the ash, but 
already as Mo(VI) compounds. Contrary to the leaching behavior 
observed from the contaminated sludge, Mo leaching decreases after 
thermal treatment of the sand fraction; this is observed for residence 
times of 2 h and more at 600 °C and already after 30 min at 700 °C 
(Figure 2.4). The difference with the Mo leaching from contaminated 
sludge is probably that in the sludge, Mo is present as grains of MoS2 
that are oxidized to MoO3. Because Mo is present in solid particles, it 
is not able to react with alkali or alkaline earth salts to form 
molybdates, which could in turn form a melt with SiO2 becoming 
amorphous upon cooling. In the sand fraction of the bottom ash, 
which has already undergone thermal treatment, Mo is present as 
alkali or alkaline earth MoO42- salts, and these can form a binary 
system with SiO2 at temperatures above 700 °C, becoming amorphous 
upon cooling.  
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Figure 2.4: Leaching of Mo from bottom ash heated at 400 – 700 °C for 0.5 – 6 h. 
 
The Cr leaching behavior from the thermally treated sand fraction of 
the bottom ash is comparable to that of thermally treated sludge. After 
the removal of elementary carbon and left-over humic substances 
responsible for increased leaching of cation forming elements, Cr(III) 
is oxidized and increased Cr(VI) concentrations are observed. At 600 
°C, this leaching starts to decrease again at residence times of 2 h and 
more, and at 700 °C, the Cr leaching is low immediately (Figure 2.5).  
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Figure 2.5: Leaching of Cr from bottom ash heated at 400 - 700 °C for 0.5 – 6 h.
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2.2 Heating Temperature Dependence of 
Cr(III) Oxidation in the Presence of Alkali and 
Alkaline Earth Salts and Subsequent Cr(VI) 
Leaching Behavior 
 
Verbinnen, B., Billen, P., Van Coninckxloo, M., Vandecasteele, C. (2013). 
Heating Temperature Dependence of Cr(III) Oxidation in the Presence of 
Alkali and Alkaline Earth Salts and Subsequent Cr(VI) Leaching Behavior. 
Environmental Science & Technology, 47 (11), 5858-63. 
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Publication 1 describes the research on the formation mechanism of 
Cr(VI) oxyanions during thermal treatment and subsequent leaching. 
The cause of Cr leaching after high temperature processes is 
investigated by heating synthetic mixtures of Cr2O3 with alkali or 
alkaline earth salts, and by studying the influence of temperature. By 
varying the residence time of the mixtures at a specific temperature, 
the kinetics of Cr(VI) formation could be studied. Also, a decrease in 
Cr(VI) leaching was observed for the synthetic mixtures. Based on the 
observations, it has been hypothesized that this is due to the formation 
of an amorphous binary mixture of chromates and SiO2, which was 
present as bed material in the crucibles. A first comparison was made 
between the Cr leaching from the synthetic mixtures and a real 
industrial solid waste material: contaminated sludge from soil 
cleaning. Based on the proposed mechanisms for Cr(VI) formation, 
countermeasures to prevent Cr leaching were tested for both synthetic 
samples and contaminated sludge. 
This paper provides an explanation for the elevated Cr leaching that 
has often been reported in literature after high temperature processing 
of contaminated solid wastes, but for which up till now, no 
generalized explanation was found. It also formulates an hypothesis 
on the reason why the Cr leaching decreases again at higher 
temperatures. 
The experiments in this paper were performed by the candidate and a 
master thesis student, M. Van Coninckxloo. The draft version of the 
manuscript was prepared by the candidate, while the other autors (P. 
Billen, M. Van Coninckxloo and C. Vandecasteele) acted as 
discussion partners and critical reviewers of the manuscript. 
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2.3 Thermal Treatment of Solid Waste in View 
of Recycling: Chromate and Molybdate 
Formation and Leaching Behaviour 
 
Verbinnen, B., Billen, P., Vandecasteele, C. Thermal Treatment of Solid 
Waste in View of Recycling: Chromate and Molybdate Formation and 
Leaching Behaviour. Submitted to Waste Management and Research. 
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In publication 2 the leaching behavior of Cr and Mo after thermal 
treatment is studied in more detail for two industrial waste streams: 
the sand fraction of bottom ash from MSW incineration, and 
contaminated sludge from soil cleaning. Based on the results of 
publication 1 and on new results of experiments with MoS2, an 
explanation for the leaching of Cr and Mo is formulated.  
The increase and/or decrease in Cr and Mo leaching observed for 
synthetic samples also occurs for real industrial materials, and these 
observations could be explained with the knowledge gained from 
publications 1 and 2. These findings can help to define optimal 
heating conditions for high temperature processes aiming at the 
valorization of contaminated waste. 
The experiments in this paper were performed by the candidate. The 
draft version of the manuscript was prepared by the candidate, while 
the other authors (P. Billen and C. Vandecasteele) acted as discussion 
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THERMAL TREATMENT OF SOLID WASTE IN 
VIEW OF RECYCLING: CHROMATE AND 
MOLYBDATE FORMATION AND LEACHING 
BEHAVIOUR 
Bram Verbinnen1*, Pieter Billen1, Carlo Vandecasteele1 
1*
 ProcESS, Process Engineering for Sustainable Systems, Department of Chemical 
Engineering, KU Leuven - University of Leuven, W. De Croylaan 46, 3001 Heverlee, 
Belgium, e-mail: bram.verbinnen@cit.kuleuven.be 
Abstract 
Elevated Cr and Mo concentrations are often found in leachates of thermally treated solid 
waste, but there is no general explanation for this so far. Therefore, we studied the leaching 
behaviour after thermal treatment as a function of heating temperature and residence time for 
two types of solid waste: contaminated sludge and bottom ash from municipal solid waste 
incineration. The leaching behaviour of both waste streams was compared with experiments 
on synthetic samples, allowing deduction of a general mechanism for Cr and Mo leaching. Cr 
and Mo showed a similar leaching behaviour: after an initial increase, the leaching decreased 
again at higher temperatures. Oxidation of these elements from their lower oxidation states to 
chromate and molybdate at temperatures up to 600 °C was responsible for the increased 
leaching. At higher temperatures, both Mo and Cr leaching decreased again due to the 
formation of an amorphous phase, incorporating the newly formed chromate and molybdate 
salts, which prevents them from leaching. 
Keywords Chromate formation; Molybdate formation; Leaching; Contaminated 
sludge; Bottom ash; Thermal treatment; Oxyanions; Recycling 
Introduction 
Leaching of heavy metals like Ni, Cu, Zn 
and Pb from bottom ash from municipal 
solid waste (MSW) incineration was already 
studied intensively in literature (Arickx et 
al., 2007; Van Gerven et al., 2007; Hyks et 
al., 2011). The release of these heavy metals 
during leaching with water can be related to 
the presence of organic material in the 
bottom ash. Fulvic and humic acids are 
known to form mobile organo-metallic 
complexes with cations of Cu, Pb, Ni and Zn 
(Pandey et al., 2000), so that removal or 
destruction of organic substances decreases 
the leaching of toxic cations. Additional 
thermal treatment is applied to oxidise the 
organic matter and, in some cases, also to 
obtain a sintered material that can be used in 
or as building material (Selinger et al., 1997; 
Bethanis et al., 2004; Van Gerven et al., 
2006; Hyks et al., 2011). This treatment was 
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reported to be an effective way to reduce 
heavy metal leaching, but some authors also 
observed increased Cr and/or Mo leaching 
after such thermal treatment (Selinger et al., 
1997; Van Gerven et al., 2006; Hyks et al., 
2011).  
Not only bottom ash from MSW 
incineration, but also contaminated sludges 
can be treated thermally. Again, the reason 
for treatment is twofold: obtaining a useful 
ceramic material in view of using it in or as 
construction material (Chang et al., 2007; 
Xu et al., 2008; Alonso-Santurde et al., 
2008; Gonzalez-Corrochano et al., 2012), 
and reducing heavy metal leaching by 
destruction of the humic substances. Various 
cases are described in literature where these 
two criteria are met, but analogously to 
bottom ash, some authors also report 
increased Cr leaching after thermal treatment 
(Chang et al., 2007; Xu et al., 2008). The 
leaching of Mo after thermal treatment of 
sludges was less reported in literature. 
Alonso-Santurde et al. (2008) studied the 
leaching behaviour of sintered contaminated 
marine sediments and observed for two 
types of clay an increase in Mo leaching in a 
leaching test with a liquid to solid (L/S) ratio 
of 2. Gonzalez-Corrochano et al. (2012) 
sintered mixtures of inorganic sludge and fly 
ash and also observed increased leaching of 
Mo (and As, Sb) after sintering. 
Most papers on leaching of heavy metals 
and/or oxyanions from thermally treated 
waste streams and residues from thermal 
processes only report leached concentrations 
after treatment/incineration at fixed 
temperatures. However, operating conditions 
during thermal treatment, such as 
temperature and residence time, are of major 
importance to explain the leaching behaviour 
of most elements, but were seldom 
evaluated. In a previous publication, 
Verbinnen et al. (2013) investigated the 
leaching behaviour of Cr after thermal 
treatment of synthetic samples containing 
Cr2O3 and alkali and alkaline earth salts. 
Upon heating, Cr(VI) formation and 
subsequent leaching in the presence of K, Na 
and Ca (hydr)oxides was observed. The aim 
of this paper is to study the leaching 
behaviour for two types of industrial waste: 
contaminated sludge and bottom ash from 
MSW incineration, and to link it with the 
behaviour observed for synthetic samples to 
deduce a general mechanism. Moreover, as 
the behaviour of Cr and Mo, two elements of 
the same group in the periodic table of 
elements, was not yet compared previously, 
the leaching behaviour of Mo will also be 
studied. The influence of the operating 
conditions of thermal processes on the 
leachability of Mo and Cr from the two 
waste types was studied by heating at a 
range of temperatures and residence times to 
obtain more insight into the leaching 
mechanisms. 
Materials and methods 
All reagents used were of analytical grade 
and all experiments were performed at least 
in duplicate. Thermodynamic calculations 
were performed using the FactSage 
thermochemical software.  
Six industrial sludges (particle size < 63 µm) 
were obtained from a soil remediation 
company. The sludges originate from the 
cleaning (mainly washing and sieving) of 
soils with different origin; all are mainly 
inorganic and contaminated with several 
heavy metal cations and oxyanion forming 
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elements. The six sludges were dried at 
105°C, ground, and then mixed in equal 
quantities to obtain a representative, 
homogeneous sample. About 30 w/w % of 
ultrapure water (Millipore MilliQ) was 
added to the mixture and it was pelletised to 
obtain spheres with a diameter of about 1.5 
cm and an average weight of 5 g. The 
spheres were introduced in a preheated 
muffle furnace (Heraeus Thermicon P) and 
heated at temperatures ranging from 200 to 
1100 °C for residence times between 0.5 and 
6 h. After heating, the spheres were ground 
(< 4 mm). Ultrapure water was added to the 
material to obtain an L/S ratio of 10 
(according to DIN 38414-S) and a 24 h 
leaching test was performed on a shaking 
device (Gerhardt Laboshake) rotating at 160 
rpm. The supernatant was filtered over a 
0.45 µm membrane filter (Chromafil) and 
element concentrations were measured with 
ICP-MS (Thermo Xi series). All 
concentrations were reported in mg or g per 
kg dry matter. Cr(VI) concentrations were 
also measured spectrophotometrically in 
some selected samples using the 
diphenylcarbazide method. The soil organic 
matter (SOM) content was determined by 
heating the samples at 550 °C for 4 h. 
The sand fraction of bottom ash (i.e. the 
fraction 65 µm – 2 mm obtained after size 
separation and ferrous and non-ferrous 
separation, representing 13 % of the total 
amount of bottom ash) from a grate furnace 
incinerating MSW was dried at 105°C and 
was subjected to the same heat treatment as 
the sludge. To facilitate reading, the sand 
fraction of the bottom ash is always referred 
to as ‘bottom ash’. Organic matter content 
and leached concentrations were determined 
in the same way as for the sludge. To 
determine the total metal concentrations for 
both waste types, digestion of the solid 
matrix was performed by the successive 
addition of 5 ml HNO3, HClO4 and HF to 
0.1 g of the sample and boiling the mixture. 
After digestion, the excess acid was 
evaporated, the solutions were transferred to 
100 ml volumetric flasks and the metal 
concentrations were determined with ICP-
MS. 
Pure K2CrO4 was heated at 1100 °C for 30 
min with and without SiO2 and pure 
Na2MoO4.2H2O was mixed with SiO2 and 
heated at 950 °C for 30 min. After cooling, 
the samples were leached for 24 h with 
ultrapure water and an L/S ratio of 1000 
(K2CrO4) or 20 (Na2MoO4.2H2O). The 
supernatant was filtered over a 0.45 µm 
membrane filter and Cr or Mo 
concentrations were measured with ICP-MS. 
Results and discussion 
Total and leached concentrations of sludge 
and bottom ash 
In Table 1, total and leached concentrations 
of matrix and trace elements in the sludge 
and bottom ash are shown. Bottom ash 
contains a higher total amount of cation 
forming heavy metals Ni, Cu, Zn and Pb 
than sludge, although the leached 
concentrations are comparable to or lower 
than those of sludge. This can partly be 
explained by the difference in pH (Table 1), 
but the higher organic content of the sludge 
might be the most important factor, as humic 
substances form highly soluble organo-
metallic complexes with cations (Pandey et 
al., 2000). Elemental carbon formed during 
incineration is also included in the organic 
matter content of bottom ash (5.2 %). 
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Table 1: Total and leached concentrations of matrix (g kg-1dry matter) and trace elements (mg kg-1 dry 
matter), pH and organic matter content for contaminated sludge and bottom ash. 
 Sludge Bottom ash 
 Total conc. Leached conc. Total conc. Leached conc. 
Na (g kg-1) 7.26  30.9  
Mg (g kg-1) 8.32  15.9  
Al (g kg-1) 52.4  65.9  
K (g kg-1) 20.0  15.9  
Ca (g kg-1) 29.3  106  
Fe (g kg-1) 54.0  89.6  
Cr (mg kg-1) 184 0.13 238 0.36 
Ni (mg kg-1) 95 1.3 171 0.026 
Cu (mg kg-1) 199 4.4 4710 4.4 
Zn (mg kg-1) 1450 3.8 4090 0.024 
As (mg kg-1) 10.0 0.21 < 5.0 0.017 
Se (mg kg-1) 3.31 0.11 < 5.0 0.22 
Mo (mg kg-1) 14.0 2.0 19.6 1.6 
Cd (mg kg-1) 23.9 0.017 6.74 < 0.01 
Sb (mg kg-1) 24.2 0.40 103 0.47 
Pb (mg kg-1) 509 0.0017 1530 < 0.01 
     
SOM (wt %) 22.0 5.2 
Leachate pH 7.58 10.80 
 
For bottom ash, only Cu leaching exceeds 
the regulatory limit for use in or as building 
material (0.5 mg kg-1, Flemish Government 
Order 2008). The stability of the Cu – humic 
acid complex is higher than that of any of 
the other metal – humic acid complexes 
(Van Gerven et al., 2007; Pandey et al., 
2000), thus explaining the elevated leaching 
of only Cu from the bottom ash. Bottom ash 
contains more Na and less K than the sludge, 
which may be of importance when Cr 
leaching as a function of heating temperature 
is considered in section 3.3. These alkali 
metals can have an influence on the Cr 
leaching behaviour upon heating (Verbinnen 
et al., 2013).  
Leaching of heavy metals after heat 
treatment 
In Figure 1A, leaching of cation forming 
heavy metals Ni, Cu and Zn is shown after 
heating of contaminated sludge for 30 min at 
temperatures between 200 °C and 1100 °C. 
In the untreated material (shown in the 
figure at 105 °C, the temperature at which 
the samples were dried), the limit values for 
use in or as building material for Ni (0.75 
mg kg-1), Cu (0.5 mg kg-1) and Zn (2.8 mg 
kg-1, Flemish Government Order 2008) are 
exceeded, but upon heating, leaching of 
these three elements decreases. 
Simultaneously, decrease of the SOM 
content is observed (Figure1B), from 22 % 
initially to 6.3 % at 400 °C. 
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Figure 1. Leaching of Ni, Cu and Zn (A) and SOM (B) for contaminated sludge heated at 200 – 1100 °C 
for 30 min.
Although there is still a significant amount 
of organic material left at that temperature, 
no more leaching of heavy metals is 
observed. Complexation of cations by humic 
substances is mainly attributed to the 
presence of carboxylate and phenolate 
functional groups (Martyniuk et al. 
2001).The decarboxylation of humic 
substances already starts at 200 °C or even at 
lower temperatures (Smidt and Lechner, 
2005; Martyniuk et al., 2001; Kolokassidoe 
et al. 2007). This explains why in these 
experiments, a significant decrease in heavy 
metal leaching is observed at 200 °C, where 
the SOM content is only reduced from 22 to 
15 %. 
There was no significant change in pH - 
another crucial parameter when looking at 
heavy metal leaching - observed at 
temperatures up to 400 °C, so a pH change 
did not influence Ni, Cu or Zn leaching after 
treatment at these temperatures. The reduced 
leaching can thus be attributed to reduced 
formation of highly soluble organo-metallic 
complexes. A similar observation was made 
for the leaching of Cu from bottom ash (not  
 
shown): both the organic matter content and 
Cu leaching were reduced upon heating. 
The leaching of the heavy metals Ni, Cu and 
Zn could thus be reduced significantly by 
heating the samples (Figure 1A and B). 
However, earlier research (Verbinnen et al., 
2013) showed that heating of Cr 
contaminated waste can lead to elevated Cr 
concentrations in the leachate. Cr and Mo 
are chemically similar elements, appearing 
in the same group (Group 6) of the periodic 
table. Therefore, the leaching of both Cr and 
Mo from contaminated waste upon heating 
is studied together hereafter. 
Leaching of Cr after heat treatment 
In Figure 2, the leaching of Cr from 
contaminated sludge for temperatures 
between 400 and 900 °C and residence times 
between 0.5 and 6 h is shown. At 400 °C, 
there is a small increase in Cr leaching after 
a residence time of 4 h, but at 600 and 700 
°C, Cr leaching increases immediately with 
increasing residence times. The leached 
concentration reaches around 25 mg kg-1 
after 6 h at 600 °C, which is 50 times the 
Leaching of oxyanions from thermally treated waste 
62 
regulatory limit for use in or as building 
material (0.5 mg kg-1, Flemish Government 
Order 2008). At higher temperatures (800-
900 °C), Cr leaching is higher than for 
untreated samples, but the values observed at 
600 and 700 °C are not reached anymore. 
Cr(VI) measurements in some selected 
samples showed that all Cr detected in ICP-
MS measurements was actually Cr(VI), as 
can be expected due to the high mobility of 
Cr(VI) compounds. 
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Figure 2. Leaching of Cr from contaminated 
sludge heated at 400 – 900 °C for 0.5 – 6 h. 
Figure 3 shows Cr leaching of bottom ash 
for temperatures between 400 and 700 °C 
and residence times between 0.5 and 6 h. An 
increase in Cr leaching is observed at 400 °C 
up to values around 5 mg kg-1 and at 500 °C, 
a concentration of 22 mg kg-1 is reached. At 
600 °C, Cr leaching increases to 18 mg kg-1 
after 1 h, but decreases after longer residence 
times. At 700 °C, this decrease already starts 
after 30 min.  
The Na/K ratio for bottom ash is 1.94, 
whereas for contaminated sludge this ratio is 
0.63. Therefore, it is likely that more 
Na2CrO4 is formed in the bottom ash than in 
the sludge, where more K2CrO4 is formed. 
For contaminated sludge (Figure 2) 
maximum leaching is observed after heating 
at 600-700 °C; for bottom ash (Figure 3), the 
maximum is observed at 500 °C. These 
maxima are consistent with observations 
made in a previous study by Verbinnen et al 
(2013): for synthetic samples, the maximum 
in Cr(VI) leaching in the presence of K salts 
was observed at higher temperatures than in 
the presence of Na salts. 
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Figure 3. Leaching of Cr from bottom ash heated 
at 400 - 700 °C for 0.5 – 6 h. 
A decrease in Cr leaching is observed at 
temperatures above 800 °C for sludge and 
above 600 °C for bottom ash. To ensure that 
this decrease is not due to volatilisation of 
Cr, the total concentration was determined 
for sludge heated at 1100 °C for 30 min. The 
average Cr concentration was 311 mg kg-1, 
higher than in the untreated material, that 
can be explained by the decomposition of 
organic matter and certain minerals (e.g. 
carbonates), and shows that Cr is not 
volatilised.  
Some authors describe a similar decrease in 
Cr leaching at elevated temperatures and 
several explanations were reported for this. 
Some suggest that Cr(VI) can be reduced to 
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Cr(III) by more reducing conditions at 
higher temperatures (Sorensen et al., 2000; 
Wei et al., 2005). However, their heating 
conditions differed much from the 
conditions in this paper as they heated their 
samples in covered crucibles, which 
promotes reduction due to lack of oxygen. 
Furthermore, for bottom ash heated at 600 
and 700 °C in this study, Cr(VI) is formed 
initially, indicating oxidising conditions, and 
after longer residence times, the Cr leaching 
decreased again. Other authors claim that 
Cr(VI) can be reduced by reducing 
compounds in the samples, e.g. metallic 
aluminium (Astrup et al., 2005; Bodenan et 
al., 2010). This can occur in untreated 
bottom ash during leaching, but after heating 
at the oxidising conditions described in this 
study, metallic aluminium present in the 
samples is rather oxidised and passivated 
before Cr(VI) is reduced. The 
thermodynamic calculations confirm this: 
e.g. at 800 °C the change in Gibbs free 
energy of reaction for the oxidation of 
metallic aluminium is -1328 kJ mol-1, 
whereas the change in Gibbs free energy of 
Cr(III) oxidation in the presence of KOH or 
NaOH is -456 and -346 kJ mol-1, 
respectively. So thermodynamically, in our 
experiments metallic aluminium will rather 
be oxidised than Cr. Furthermore, tests with 
synthetic samples reported by Verbinnen et 
al. (2013) showed that Cr(VI) leaching also 
decreased at elevated temperatures even 
when no metallic aluminium was present. 
Solid solution formation of Cr(VI) with 
ettringite is also a possible mechanism to 
explain the decreased leaching in alkaline 
solid waste (Cornelis et al., 2008), but again, 
a decrease in Cr(VI) leaching was also 
observed in synthetic samples where no 
ettringite was present (Verbinnen et al., 
2013), so other mechanisms might dominate 
in this case. 
The available literature seems insufficient to 
describe the reduced Cr leaching observed in 
this study adequately. It is hypothesised here 
that at higher temperatures the newly formed 
Na and K chromates can form a binary 
system with SiO2, resulting in the formation 
of an amorphous phase after cooling and 
thus preventing Cr from leaching. This was 
confirmed by heating synthetic mixtures of 
K2CrO4: when this compound was heated to 
1100 °C (well above its melting point), all 
Cr was leached afterwards. However, when 
K2CrO4 was mixed with SiO2 and also 
heated at 1100 °C, the leaching was reduced 
to below 2 % of the total. 
Leaching of Mo after heat treatment 
In Figure 4, the leaching of Mo from 
contaminated sludge for temperatures 400 – 
900 °C and residence times between 0.5 and 
6 h is shown.  
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Figure 4. Leaching of Mo from contaminated 
sludge heated at 400 – 900 °C for 0.5 – 6 h. 
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At all temperatures, Mo leaching reaches a 
plateau after 1 h. Between 400 and 700 °C, 
the amount of Mo leached is 5-6 mg kg-1. At 
800 °C, around 8 mg kg-1 Mo is leached and 
at 900 °C almost the entire amount of Mo 
(around 14 mg kg-1, Table 1) is leached. 
The leaching of Mo can be related to the 
presence of mineral oils in the contaminated 
sludge. MoS2 and WS2 nano and micro 
particles are commonly used as dry 
lubricants in mineral oils (Vadiraj et al., 
2010). MoS2 can be oxidised to MoO3 
according to reaction (1); MoS2 is only 
slightly soluble, whereas the solubility of 
MoO3 exceeds 1g l-1 at 20 °C (Zelikman et 
al., 1966). 
MoS2 + 3.5 O2 ↔ MoO3 + 2 SO2     (1) 
(Abdel-Rehim 1999) 
The change in standard free energy of 
reaction (1) was calculated with FactSage 
and is negative throughout the entire 
temperature range (0 – 1100 °C) relevant to 
this study. Abdel-Rehim (1999) studied the 
roasting of Egyptian molybdenite (MoS2) as 
a function of temperature; the observed Mo 
leaching behaviour after heating was 
comparable to that shown in Figure 4. The 
lower conversion at lower temperatures was 
attributed to the formation of a compact 
thick layer of molybdenum trioxide (MoO3) 
around the molybdenite particles that 
inhibits the diffusion of O2 and SO2, so that 
the reaction rate is low. At higher 
temperatures the oxide layer becomes friable 
and porous, and oxidation of MoS2 can also 
take place inside the particles (Zelikman et 
al., 1966; Abdel-Rehim 1999; Marin et al., 
2009). 
In Figure 5, the leaching of Mo for bottom 
ash treated at temperatures between 400 and 
700 °C and residence times between 0.5 and 
6 h is shown. The leaching behaviour differs 
from that observed for contaminated sludge: 
only a small increase in Mo leaching is 
observed at 500 and 600 °C. In the bottom 
ash, most of the Mo is probably already in 
its hexavalent state, so that only little 
oxidation of Mo(IV) occurs during the heat 
treatment. At 400 °C, Mo leaching as a 
function of residence time is stable at around 
1.5 – 2 mg kg-1. At 500 °C, leaching 
increases to around 2.5 mg kg-1 after 0.5 h 
heating, probably because the part of Mo 
that was originally in a lower oxidation state, 
is oxidised. At 600 °C, Mo leaching initially 
increases to around 2.5 mg kg-1 after a 
residence time of 1 h, but starts to decrease 
for longer residence times and reaches a 
value of around 0.4 mg kg-1 after 6 h. At 700 
°C, Mo leaching decreases immediately and 
also reaches a value of 0.4 mg kg-1 after 6 h. 
 
The reduced leaching for bottom ash after a 
residence time of 1 h at 600 °C and the 
immediate decrease at 700 °C can be 
explained by the interaction of molybdates  
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Figure 5. Leaching of Mo from bottom ash 
heated at 400 – 700 °C for 0.5 – 6 h. 
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with SiO2 and formation of an amorphous 
phase preventing Mo from leaching when 
cooled. The reduced leaching for bottom ash 
after a residence time of 1 h at 600 °C and 
the immediate decrease at 700 °C can be 
explained by the interaction of molybdates 
with SiO2 and formation of an amorphous 
phase preventing Mo from leaching when 
cooled. Thermodynamic calculations 
indicated that the formation of molybdates is 
thermodynamically favourable (e.g. ∆Gr =    
-258 kJ mol-1 for the formation of Na2MoO4 
at 800 °C). Mainly Na2MoO4, with a melting 
point of 627 °C (Zelikman et al., 1966) will 
be formed in the bottom ash due to the high 
Na content, and it can form an amorphous 
phase together with SiO2 from which no Mo 
can leach.  
 
The hypothesis of the formation of a binary 
molybdate – SiO2 system was tested by 
heating a synthetic mixture of 
Na2MoO4.2H2O and SiO2. Similar to Cr, 
only 11 % of the total Mo content was 
leached after heating the mixture at 950 °C 
for 30 min. A similar observation of a 
molybdate – SiO2 binary system was, to our 
knowledge, only reported by Chrenkova et 
al. (2001), who studied the binary system 
K2MoO4 – SiO2 and observed a decrease in 
melting temperature when both components 
were mixed. The eutectic point was not 
observed, as they only investigated SiO2 
contents up to 20 %. Determination of the 
exact eutectic point is beyond the scope of 
our study, but the decreased melting 
temperature proves the interaction between 
molybdates and SiO2. 
The sludge contains more K, so it is likely 
that mainly K2MoO4, with a higher melting 
point (928 °C, Chrenkova et al., 2001) will 
be formed. However, the SiO2 – K2MoO4 
phase might not be melted yet, as no 
significant decrease in Mo leaching was 
observed for the sludge at 900 °C and the 
lowest reported melting temperature for the 
binary system K2MoO4 – SiO2 is 913 °C 
(Chrenkova et al., 2001). Moreover, it might 
not be very likely that any molybdates are 
formed in the sludge.  Mo is initially mainly 
present as MoS2 particles in the organic 
fraction and will be oxidised to MoO3, but 
the formed MoO3 might not be able to react 
with alkali metal ions due to diffusion 
restrictions.  
Influence of organic matter 
The organic material present in the waste 
plays an important, yet double role. On the 
one hand, too much organic material (i.e. 
humic substances) increases leaching of 
heavy metals like Cu, Ni, Zn and Pb by the 
formation of organo-metallic complexes. On 
the other hand, after destruction of organic 
matter, Cr(III) can be oxidized to mobile and 
toxic chromates in the presence of oxygen 
and alkali or alkaline earth salts. MoS2 can 
be oxidized to mobile MoO3 or molybdates. 
For instance, at 400 °C, the SOM content of 
the sludge is reduced from 22 % to less than 
7 % after 30 min, and Mo is oxidised and 
leached. After 3 h, the SOM content is 
below 2 %, and then Cr leaching also starts 
to increase. At 700 °C, the organic matter 
content is already below 2 % after 30 min, 
and both Cr and Mo leaching increase for 
higher values of residence time. To control 
leaching of both cation forming heavy 
metals and Cr and Mo after heating, an 
optimal heating temperature and residence 
time should be defined for every type of 
waste. For instance for the sludge optimal 
conditions are heating at 400 °C for 0.5 – 3 
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h, for which leached concentrations for both 
Cr and Ni, Cu and Zn are below the 
regulatory limits. Another option to control 
leaching of all regulated elements is heating 
at higher temperatures, where Cr leaching 
decreases again. 
Conclusion 
The leaching behaviour of Cr and Mo after 
thermal treatment of two solid waste types 
was characterised. The explanation for 
increased Cr leaching after thermal treatment 
deduced from experiments with synthetic 
samples is also relevant for real waste. 
Cr(III) is oxidised to toxic and mobile 
Cr(VI) in the presence of K and Na salts in 
both waste types and the leached 
concentrations reach up to 25 mg kg-1, 50 
times the Flemish regulatory limit for use in 
or as building material. Moreover, the 
increased leaching of Mo could also be 
explained by experiments with synthetic 
samples. Mo, mainly present as MoS2 in the 
untreated material is oxidised to mobile 
MoO3 in the contaminated sludge during 
heat treatment. 
At temperatures above 600 °C, the leaching 
of Cr from bottom ash and sludge and of Mo 
from bottom ash decreased again with 
increasing temperatures. At these 
temperatures, melting of the formed 
chromates and molybdates in the presence of 
SiO2, a binary system that forms an 
amorphous phase when cooled, prevents Cr 
and Mo from leaching. Cr and Mo seem to 
behave similarly during thermal treatment of 
bottom ash and contaminated sludge. When 
contaminated waste is thermally treated, the 
possible elevated leaching of oxyanion 
forming elements should be taken into 
consideration. 
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3. Adsorption of oxyanions from industrial 
wastewater 
This chapter presents the research on the removal of oxyanions from 
industrial wastewater by adsorption. The research aim for this subject 
was to remove oxyanions from industrial wastewater to increase the 
options to treat industrial wastewaters. The main focus in this thesis is 
on the removal of Mo, Sb and Se oxyanions. These three elements are 
present in the scrubber effluent of an incinerator for hazardous waste, 
and an appropriate treatment to remove them from the effluent should 
be developed. The research objectives were defined as follows: 
• Characterize and test an adsorbent (zeolite-supported 
magnetite) for simultaneous removal of Mo, Sb and Se 
oxyanions from synthetic solutions and industrial wastewater, 
with specific attention to possible interfering (oxy)anions. 
• Develop a new adsorbent (perlite-supported magnetite) that 
can adsorb different oxyanions simultaneously, based on the 
good characteristics of zeolite-supported magnetite, but with 
improved coating of magnetite onto the support material. Test 
this adsorbent for the simultaneous adsorption of different 
oxyanions from an industrial wastewater.  
The research will be presented by the relevant accepted or submitted 
papers that are included hereafter. In addition, a summary of the 
research is given first. 
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3.1 Summary 
Zeolite-supported magnetite, as developed by the Institute of 
Geotechnics, Kosice, Slovakia, was first tested for the removal of 
molybdate from a synthetic solution. By determining the adsorption 
isotherm, studying the effect of ionic strength, the influence of MoO42- 
on the pHPZC of zeolite-supported magnetite and the influence of 
possible interfering (oxy)anions on the adsorption of molybdate on 
zeolite-supported magnetite, it could be concluded that MoO42- is 
adsorbed on zeolite-supported magnetite via the formation of an inner-
sphere complex. This was confirmed by modeling the adsorption 
capacity Q as a function of pH (Figure 3.1) with the geochemical 
modeling software Visual Minteq.  
pH




















Figure 3.1: Influence of pH on the adsorption capacity of molybdenum on zeolite-
supported magnetite (initial molybdenum concentration 5 mg/l, 0.5 g/l adsorbent, 25 
°C, 24 h contact time), experimental data and Visual Minteq modeling using the 
triple layer model. 
 
The best agreement with the experimental results was obtained by 
modeling the formation of an inner-sphere FeOMoO2(OH).2H2O 
complex. At the ideal adsorption pH of 3, most anions commonly that 
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occur in wastewater, like Cl- and SO42- do not have a large influence 
on the adsorption, except PO43-. 
 
To test the performance of zeolite-supported magnetite for real 
wastewaters, the adsorption of Mo, Sb and Se from an industrial 
wastewater, the scrubber effluent of an incinerator for hazardous 
waste, was studied. The removal of the different species of Sb and Se 
(i.e. Sb(III), Sb(V), Se(IV) and Se(VI)) from a synthetic solution 
containing only one oxyanion was studied first. Similar to Mo(VI) 
species, Sb(III), Sb(VI) and Se(IV) oxyanions are adsorbed through 
the formation of an inner-sphere complex, whereas Se(VI) is adsorbed 
through outer-sphere complex formation. This was also confirmed by 
modeling the adsorption of the individual compounds with Visual 
Minteq. After determination of the maximum adsorption capacity and 
the main interfering compounds for each oxyanion, a synthetic 
wastewater containing the most important interfering anions occurring 
in the industrial wastewater was prepared. Comparing the adsorption 
from the synthetic wastewater with that from the industrial 
wastewater, this showed that the most important interferences were 
identified, as the adsorption from both waters was similar. For Mo and 
Sb, the interferences are mainly other oxyanions, and for Se also 
anions like Cl- and SO42-. Mo, Sb and Se are all three present in their 
highest oxidation states in the scrubber effluent, and Mo(VI) and 
Sb(V) form strong inner-sphere complexes, whereas Se(VI) forms 
weaker outer-sphere complexes so that its adsorption will also be 
influenced by anions like Cl- and SO42-. The adsorption order from the 
industrial wastewater was Mo > Sb > Se and removal efficiencies of 
99, 97 and 77 % were obtained for Mo, Sb and Se respectively for an 
adsorbent concentration of 20 g/l (Figure 3.2). 
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Figure 3.2: Removal percentage for Mo, Sb and Se as a function of amount of 
zeolite-supported magnetite added for the scrubber effluent of a solid waste 
incinerator, at pH 3.5 
 
There were some indications that, although high removal efficiencies 
were obtained, the coating of magnetite onto the support material (i.e. 
zeolite) was not optimal. During column tests, magnetite detached 
from the zeolite surface and separate layers of magnetite and zeolite 
were formed in the column. In order to combine the good adsorption 
capacities of zeolite-supported magnetite with a better coating, 
magnetite was coated on some other support materials. Two other 
zeolite types, bentonite and perlite were tested as support materials, 
and perlite was chosen as the best host material for magnetite. The 
good coating of magnetite on the perlite surface is illustrated in Figure 
3.3. When a magnet is placed above zeolite-supported magnetite, the 
magnetite adheres to the magnet, whereas the major part of the zeolite 
is unattached. Perlite-supported magnetite does not show such a 
separation: the whole adsorbent adheres to the magnet, indication a 
better coating of magnetite on perlite than on zeolite.  
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Figure 3.3: Magnetic separation of zeolite-supported magnetite (A) and perlite-
supported magnetite (B). 
 
The perlite-coated magnetite was characterized first by determining its 
specific surface area (55.3 m2/g) and magnetite content (13 %) and by 
checking the coating by SEM analysis. It was first tested for the 
removal of five different oxyanion forming elements in their highest 
oxidation states (As(V), Cr(VI), Mo(VI), Sb(V) and Se(VI)) from a 
synthetic solution containing equimolar concentrations of the 5 
elements. Simultaneous removal of these oxyanions was most 
effective at pH values between 3 and 5. Removal percentages of more 
than 75 % were obtained for AsO43-, CrO42-, MoO42-and Sb(OH)6- 
when only 1g/l of the adsorbent was added. The removal efficiency 
was less for SeO42-, as this oxyanion is adsorbed through outer-sphere 
complexes that are weaker than for the other oxyanions. The 
adsorption order that could be derived from these tests is Mo(VI) > 
As(V) > Sb(V) > Cr(VI) > Se(VI).  
 
It was demonstrated that for equal amounts of adsorbent added, 
perlite-supported magnetite has a higher removal efficiency for 
oxyanions than commercially available adsorbents and comparable 
A B 
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(coated iron oxides) adsorbents from literature. The removal 
efficiency for MoO42- using the perlite-supported magnetite is more 
than 99 %, which is much higher than for commercially available 
adsorbents (removal efficiencies of ca. 29 – 52 %), and the maximal 
adsorption capacity for CrO42- and AsO43- removal was also superior 
to other coated iron oxides described in literature. 
 
The simultaneous removal of the 5 oxyanion forming elements from 
an industrial wastewater, the scrubber effluent of a waste incinerator, 
requires higher amounts of adsorbent, as interfering (oxy)anions limit 
the adsorption capacity for the considered oxyanions. Good results are 
obtained for Mo, Sb and Se, whereas the removal percentage of As 
and Cr is rather low (Figure 3.4). The adsorption order also changes 
compared to the adsorption from synthetic wastewater due to the 
presence of interfering anions and because Cr is present as Cr(III) in 
the industrial wastewater, whereas in the synthetic wastewater it was 
present as Cr(VI). 
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Figure 3.4: Simultaneous adsorption of Cr, As, Se, Mo and Sb from industrial 
wastewater for perlite-supported magnetite concentrations 1-10 g/l, pH 3.2 and 24 h 
contact time. 
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3.2 Removal of Molybdate Anions from Water 
by Adsorption on Zeolite-Supported Magnetite 
 
Verbinnen, B., Block, C., Hannes, D., Lievens, P., Vaclavikova, M., 
Stefusova, K., Gallios, G., Vandecasteele, C. (2012). Removal of Molybdate 
Anions from Water by Adsorption on Zeolite-Supported Magnetite. Water 
Environment Research, 84 (9), 753-760. 
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Publication 3 studies the potential of zeolite-supported magnetite for 
the removal of Mo oxyanions. The adsorption mechanism (inner- or 
outer sphere complex formation) is studied by varying the ionic 
strength of the tested synthetic solution, by performing adsorption 
modeling with the geochemical software Visual Minteq, by 
determining the main interfering (oxy)anions and by determining the 
adsorption isotherm. Furthermore, the ideal pH for adsorption, 
maximal adsorption capacity and kinetics for the adsorption are 
determined. 
 
The publication shows that zeolite-supported magnetite has a high 
affinity for Mo oxyanions, and is only little influenced by competing 
(oxy)anions. Therefore, it is a promising material for the removal of 
Mo oxyanions from industrial wastewater. 
All experiments were performed by the candidate, with some aid from 
his thesis student, D. Hannes. All modeling was done by the 
candidate. M. Vaclavikova and K. Stefusova provided the adsorbent 
and performed the specific surface area and pore volume 
measurements. G. Gallios performed the zeta potential measurements. 
The draft paper was prepared by the candidate, and C. Block, P. 
Lievens, M. Vaclavikova, G. Gallios and C. Vandecasteele acted as 
discussion partners and/or critical reviewers of the manuscript. 





tQ k Q Q= + ⋅⋅ ’. 
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3.3 Simultaneous Removal of Molybdenum, 
Antimony and Selenium Oxyanions from 
Wastewater by Adsorption on Supported 
Magnetite 
 
Verbinnen, B., Block, C., Lievens, P., Van Brecht, A., Vandecasteele, C. 
(2013). Simultaneous Removal of Molybdenum, Antimony and Selenium 
Oxyanions from Wastewater by Adsorption on Supported Magnetite. Waste 
and Biomass Valorization, 4 (3), 635-645. 
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In publication 3 it was shown that zeolite-supported magnetite is a 
promising material for the removal of oxyanions from wastewater. 
The actual removal of Mo, Sb and Se oxyanions from a real industrial 
wastewater is described in publication 4. First, the adsorption 
mechanisms are shown for the oxyanions of Sb(III), Sb(V), Se(IV) 
and Se(VI) separately. Then, the main interfering (oxy)anions are 
determined for each oxyanion. A synthetic wastewater, mimicking the 
concentration in the real wastewater was prepared and the adsorption 
behavior from this wastewater is explained with the earlier gained 
knowledge on interferences. Finally, the adsorption of Mo, Sb and Se 
from an industrial wastewater, the scrubber effluent of an incinerator 
for hazardous waste is studied.  
Unlike previous publications from other authors, this paper does not 
only provide adsorption data for the removal of one single oxyanion 
from synthetic water, but also studies the removal from a synthetic 
water containing multiple oxyanions and/or interfering anions, and 
from a real industrial wastewater. It seems that for some oxyanions 
good adsorption capacities can still be obtained for industrial 
wastewater, while other oxyanions suffer more from interferences.  
All experiments were performed by the candidate, with some aid of 
thesis students S. Van Ostaeyen and S. Van Gompel. All modeling 
was done by the candidate. A. Van Brecht provided the industrial 
wastewater. The candidate prepared the draft paper; and C. Block, P. 
Lievens, A. Van Brecht and C. Vandecasteele acted as discussion 
partners or critical reviewers of the manuscript. 
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3.4 Adsorption of Oxyanions from Industrial 
Wastewater using Perlite-Supported Magnetite 
 
Verbinnen, B., Block, C., Vandecasteele, C. Adsorption of Oxyanions from 
Industrial Wastewater using Perlite-Supported Magnetite. Submitted to 
Water Environment Research. 
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Publication 5 describes a new adsorbent, developed on the basis of 
the good characteristics of zeolite-supported magnetite, but with 
improved coating of magnetite on the support material, perlite. Perlite-
supported magnetite is characterized first, and then tested for the 
simultaneous removal of As, Cr, Mo, Sb and Se oxyanions. The 
adsorption order, a measure for the strength of adsorption, can be 
deduced from this test. Perlite-supported magnetite is compared with 
other commercially available iron oxide adsorbents, and with other 
comparable (coated iron oxides) adsorbents from literature. Finally, 
the adsorption of As, Cr, Mo, Sb and Se from the scrubber effluent of 
an incinerator for hazardous waste is tested. 
In this publication an adsorbent is developed that can be used in 
industrial, continuous applications. The fineness of the magnetite 
particles ensures a good adsorption capacity, while the good coating 
ensures the use in adsorption columns. The adsorption capacities are 
superior to other comparable (coated iron oxides) adsorbents from 
literature or commercially available adsorbents. 
All adsorption experiments were performed by the candidate, and the 
candidate also prepared the draft paper. C. Block and C. 
Vandecasteele acted as discussion partners or critical reviewers of the 
manuscript. 
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Adsorption of oxyanions from industrial wastewater 
using perlite-supported magnetite 
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Most studies on oxyanion adsorption focus on their removal from synthetic solutions. It is 
often claimed that the considered adsorbents can be used to treat real (industrial) wastewaters, 
but this is seldom tested. Perlite-supported magnetite was characterized first by determining 
its specific surface area, magnetite content and by examining the coating. Tests on a synthetic 
solution showed that at the ideal pH values (pH 3-5), the order of adsorption is Mo(VI) > 
As(V) > Sb(V) > Cr(VI) > Se(VI). Most oxyanions can be removed for more than 75 % 
removal with an adsorbent dosage of 1 g/l. Furthermore, perlite-supported magnetite has a 
higher removal efficiency for oxyanions than commercially available adsorbents and 
comparable adsorbents described in literature. Perlite-supported magnetite is suitable for 
treating real wastewaters: it can remove several oxyanions simultaneously from the 
considered industrial wastewater, but the adsorption order changes due to the presence of 
interfering anions. 
 





Cations of heavy metals like Pb, Zn, Ni and 
Cu can easily be removed from wastewater 
by adsorption, ion exchange or precipitation 
as their hydroxides at alkaline pH, the latter 
being the most used method (Blais et al., 
1999). Oxyanions like AsO43-, CrO42-, 
MoO42-, Sb(OH)6- and SeO42- cannot be 
precipitated by increasing the pH alone 
(Cornelis et al., 2008) and therefore, other 
techniques should be used. Adsorption on 
iron oxides is an appropriate method and is 
widely described in literature (Adegoke et 
al., 2013), but most described methods focus 
only on the removal of oxyanions from 
synthetic solutions. These methods might 
not be applicable as such for the removal of 
oxyanions from industrial wastewaters, as 
these also contain anions and other 
oxyanions that can compete for adsorption 
with the considered oxyanions.  
 
Competition for adsorption sites usually 
occurs between adsorbates that are adsorbed 
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via a similar adsorption mechanism. The two 
main adsorption mechanisms are inner-
sphere complex formation (ionic binding on 
specific adsorbent sites) and outer-sphere 
complex formation (electrostatics 
interactions, adsorbate molecules do not 
bind directly to the surface, but are placed in 
the hydration shell). MoO42- and Sb(OH)6- 
adsorb via inner-sphere complex formation 
on iron oxides and SeO42- via outer-sphere 
complex formation (Verbinnen et al., 2013). 
The adsorption of AsO43- is usually 
considered to happen via inner-sphere 
complex formation (Mohan and Pittman, 
2007), but for the adsorption of CrO42- on 
iron oxides, both inner-and outer-sphere 
complexes are described (Fendorf et al., 
1997; Khaodhiar et al., 2000; Gallios and 
Vaclavikova, 2008; Adegoke et al., 2013). 
 
The interfering anions for adsorption of 
individual oxyanions on iron oxides are 
already described adequately in literature. 
AsO43- and MoO42- adsorption on iron 
oxides is interfered by PO43-( Xu et al., 
2006; Frau et al., 2010; Verbinnen et al., 
2012; Kanematsu et al., 2013). CrO42- is 
interfered by PO43- and SO42- (Chowdury 
and Yanful, 2010; Haitao et al., 2011). SO42- 
is competing with SeO42- adsorption on iron 
oxides due to the chemical similarity of both 
compounds (Fukushi and Sverjensky, 2007; 
Verbinnen et al., 2013). Not much is known 
about the competition of anions with 
Sb(OH)6- for adsorption on iron oxides, but 
Wang et al. (2012) stated that  PO43-, CO32-, 
SO42- or SiO32- do not have an influence on 
the Sb(V) adsorption onto manganite. 
Besides anions, the main compounds that 
compete for adsorption are other oxyanions 
having a similar adsorption mechanism.  
 
Magnetite (Fe3O4) is known to be an 
effective adsorbent for several oxyanions 
like arsenite and arsenate (Yean et al., 2005; 
Shipley et al., 2009; Mamindy-Pajany et al., 
2011) molybdate (Rovira et al., 2006; 
Verbinnen et al., 2012), chromate (Gallios 
and Vaclavikova, 2008; Yuan et al., 2010), 
selenite and selenate (Martinez et al., 2006; 
Missana et al., 2009), antimonate and 
antimonite (Verbinnen et al., 2012). 
Magnetite is easily synthesized on nanoscale 
(Yuan et al., 2010; Petrova et al., 2011), 
which is useful as adsorption capacity 
increases with decreasing particle size (Yean 
et al., 2005; Mayo et al., 2007; Petrova et al., 
2011). However, small particles inhibit the 
use of magnetite in continuous wastewater 
treatment, as nanosized materials cannot be 
used in an adsorption column, the most 
widely used continuous adsorption setup 
(Petrova et al., 2011), due to a large pressure 
buildup in the column. For column 
applications, nanosized materials have to be 
coated on a larger sized carrier material, 
which allows the use in adsorption columns. 
Even when the volume of the support 
material is taken into account and the 
adsorption capacity is expressed per total 
bed volume, high adsorption capacities can 
thus be obtained. Due to the strong specific 
bonds of most oxyanions with magnetite, 
desorption of the oxyanions and regeneration 
of magnetite based adsorbents is not easy at 
a low cost and the adsorbent should be 
disposed after use. Therefore, a cheap carrier 
material is preferred. 
 
In a previous study (Verbinnen et al., 2013) 
the removal efficiency for MoO42-,  
Sb(OH)6-, Sb(OH)3, SeO42- and SeO32- from 
industrial wastewater by adsorption on 
zeolite-supported magnetite was 
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investigated. High adsorption capacities 
were obtained, but the coating of magnetite 
onto the zeolite was not optimal, as most of 
the magnetite was not fixed onto the zeolite, 
but appeared as chunks next to it. Just like 
zeolite, perlite is a cheap and readily 
available material, but nevertheless, perlite is 
seldom used as coating material for 
adsorbents.  
 
This paper focuses on the simultaneous 
adsorption of multiple oxyanions from 
industrial wastewater by adsorption on 
perlite-supported magnetite. As the main 
mechanisms and interferences for adsorption 
of oxyanions on magnetite are already 
described in literature, the aim of this paper 
is 1) to develop a new adsorbent based on 
the good adsorption characteristics of 
zeolite-supported magnetite described by 
Verbinnen et al. (2012, 2013), but with 
improved coating of magnetite on the carrier 
material, i.e. perlite, 2) to characterize the 
adsorbent and investigate the coating and 
distribution of magnetite on the perlite 
surface, and to determine optimal pH and 
adsorption order for the five oxyanions, 3) to 
compare the performance of perlite-coated 
magnetite with this of commercially 
available adsorbents and other similar 
(coated iron oxides) adsorbents from 
literature, and 4) to test the simultaneous 
adsorption of 5 oxyanion forming elements 
from an industrial wastewater, the scrubber 




All reagents used were of analytical grade. 
All experiments were performed at least in 
duplicate and the averages and standard 
deviations are reported in the figures.  
Magnetite is prepared by mixing equimolar 
quantities of FeIISO4 (Acros) and FeIIICl3 
(Merck Eurolab) in a glass beaker while the 
solution is continuously purged with 
nitrogen gas to prevent oxidation of reagents 
or products. A 1M NH4OH (Fluka) solution 
is added dropwise to the stirred mixture and 
nanosized magnetite (size 10 – 40 nm) is 
formed in the solution and precipitates as 
clusters with a size ranging between 20 and 
900 nm (Vaclavikova et al., 2004). 
Magnetite is removed from the solution by 
centrifugation and mixed with perlite (size 
between 0.4 and 2.4 mm), allowing the 
magnetite to be fixed onto the perlite. The 
product is then dried in a vacuum oven at 40 
°C. The amount of magnetite that was 
retained on the perlite was determined by 
adding concentrated HNO3 to the adsorbent 
and boiling it for two h to dissolve the 
magnetite; the Fe concentration was 
measured with ICP-MS (Thermo Xi series). 
 
BET analysis was performed on a 
Micromeritics Tristar 3000 to determine the 
specific surface area of perlite-supported 
magnetite. XRD analysis was performed on 
a Philips PW1830 using monochromated Cu 
Kα radiation, generated at 45 kV and 30 mA, 
to determine the quality of the product 
(percentage of magnetite compared to other 
possible formed iron oxides). Measurements 
ranged from 2θ= 5° to 75°, with a step size 
of 0.02°. SEM analysis (Philips XL 30 
ESEM FEG) was performed to check the 
fixation of magnetite on perlite. The fixation 
was also checked visually and with the aid 
of a magnet. 
 
Synthetic solutions of oxyanions were 
prepared by dissolving Na2HAsO4.7H2O 
(Sigma-Aldrich), K2Cr2O7 (Chem-lab), 
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Na2MoO4.2H2O (Merck Eurolab), 
KSb(OH)6 (Fluka) and Na2SeO4 (Fluka) to 
obtain an equimolar mixture (0.02 mmol/l) 
of As(V), Cr(VI), Mo(VI), Sb(V) and 
Se(VI). Batch adsorption tests were 
performed in plastic containers by adding the 
adsorbent to synthetic or industrial water. 
The closed containers were placed on a 
shaking device (Gerhardt Laboshake) and 
shaken at 160 rpm for 24 h at 25 °C, as 
contact times up to 22 h (e.g. for Se(IV), 
Verbinnen et al., 2013) are needed to reach 
adsorption equilibrium. The pH was varied 
by adding HNO3 or NaOH to the water. As, 
Cr, Mo, Sb and Se concentrations before and 
after adsorption were determined using ICP-
MS after filtration of the water through a 
0.45 µm membrane filter (Chromafil).  
 
To compare the adsorbent with other 
adsorbents for oxyanions that are described 
in literature, the Langmuir isotherms and the 
corresponding maximum adsorption 
capacities for AsO43-, CrO42- and MoO42- 
were determined. Therefore, 0.5 g/l of the 
adsorbent was added to solutions with 
concentrations ranging from 0.5 to 25 mg/l 
of As(V), Cr(VI) or Mo(VI) at pH 3 and 
shaken at 160 rpm for 24 h at 25 °C. After 
measuring the residual concentrations, the 
Langmuir isotherm was determined for each 
oxyanion. The removal efficiency of 
commercially available adsorbents and 
perlite-supported magnetite was compared 
for the adsorption of Mo (as an example). To 
different solutions, each containing 5 mg/l of 
Mo (as MoO42-) at pH 3.1, 1 g/l of the 
commercially available adsorbents (goethite 
(Fluka), Fe2O3 (Vel) or magnetite (< 5 µm, 
Sigma-Aldrich), all powders)) was added. 
The same test was also performed with 1 g/l 
zeolite-supported magnetite, perlite-
supported magnetite and with perlite and 
lab-synthesized nanoscale magnetite 
separately. After 24h shaking at 160 rpm on 
a shaking device, the samples were filtered 
through a 0.45 µm filter and the residual 
concentrations were measured with ICP-MS. 
 
An industrial wastewater was obtained from 
Indaver NV, the largest waste incinerating 
company in Flanders, Belgium. The 
wastewater is the acidic effluent (pH 1.1) of 
wet treatment of flue gases from a rotary kiln 
for industrial waste incineration. It contains 
heavy metal cations (of e.g. Cu, Ni, Pb, Zn), 
and oxyanion forming elements like As, Cr, 
Mo, Sb and Se. The speciation of As, Sb and 
Se in the industrial wastewater was done by 
applying the selective solid phase extraction 
(SPE) method developed by Mulugeta et al. 
(2010). Cr speciation was performed by 
measuring Cr(VI) concentrations 
spectrophotometrically (Shimadzu 1601) 
using the diphenylcarbazide method. 
 
Results and discussion 
 
Characterization of the adsorbent 
 
A SEM picture of perlite-supported 
magnetite is shown in Figure 1A and can be 
compared with the surface of the zeolite-
supported magnetite (Figure 1B) from a 
previous study (Verbinnen et al., 2013). The 
normally smooth perlite surface (Mostafa et 
al., 2011; Sari et al., 2012) is now covered 
with chunks of magnetite and the covered 
surface area is much larger than that of 
zeolite-supported magnetite. The picture of 
the perlite-supported magnetite is 
comparable to the picture of Mostafa et al. 
(2011), who coated perlite with hematite, but 
their perlite surface seemed less covered. 
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The magnetite percentage of the perlite-
supported magnetite was 13 % and zeolite-
supported magnetite consists for 27 % of 
magnetite. Although zeolite-supported 
magnetite has a higher magnetite content 
than perlite-supported magnetite, the SEM 
pictures showed that the surface of the 
former is less covered than that of the latter. 
This is because the coating of magnetite on 
the zeolite surface is worse than on the 
perlite surface, and magnetite occurs as 
chunks next to zeolite, instead of covering 
the surface. This was confirmed visually, 
and with the help of a magnet: when the 
magnet was placed above both adsorbents, 
chunks of magnetite, but almost no zeolite-
supported magnetite adhered to the magnet. 
For perlite-supported magnetite, the whole 
adsorbent adhered to the magnet, indicating 
a good coating of the magnetite to the perlite 
surface. BET analysis showed that the 
perlite-supported magnetite has a specific 
surface area of 55.3 + 0.2 m2/g, compared to 
0.02 m2/g for virgin perlite and 87.3 + 0.2 
m2/g for the nanosized magnetite that was 
used to coat perlite. The perlite-supported 
adsorbent developed by Mostafa et al. 
(2011) had a specific surface area of only 
9.26 m2/g, another indication that their 
perlite surface was less covered.The XRD 
analysis showed that lab-synthesized 
magnetite, which was used to coat perlite, 
consists for 100 % of magnetite. No 
oxidized species (e.g. hematite) were 
detected in the analysis.  
 
 
Figure 1 SEM picture of perlite-supported magnetite (A) and zeolite-supported magnetite (B) 
 
Characterization of the industrial 
wastewater 
 
The concentrations of the oxyanion forming 
elements Mo, Sb, Se, Cr and As in the 
scrubber effluent are shown in Table 1, 
together with their speciation and the 
concentrations of the possible interfering 
anions Cl-, SO42- and PO43-. PO43- is not 
detected in the wastewater, as most 
phosphates are not volatile and therefore do 
not end up in the flue gas. Chlorides and 
sulphates are detected in relatively high 
concentrations, as HCl and SOx are emitted 
by the incinerator. The speciation shows that 
the oxyanions occur mainly in their highest 
oxidation states (as was expected due to the 
oxidizing conditions in the incinerator), 
except for Cr, which was present for 90 % as 
Cr(III) in the wastewater. 
A B 
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Table 1 Concentrations and speciation of (oxy)anions in the untreated industrial wastewater 
Element/ Compound Concentrations before adsorption Speciation 
Mo (µg/l) 872 + 12  
Sb (µg/l) 1661 + 33 5 % Sb(III) 95 % Sb(V) 
Se (µg/l) 208 18 % Se(IV) 
82 % Se(VI) 
Cr (µg/l) 108 
90 % Cr(III) 
10 % Cr(VI) 
As (µg/l) 812 
7 % As(III) 
93 % As(V) 
Cl- (g/l) 24.7  
SO42- (g/l) 17.1  
PO43- (g/l) Not detected  
 
Optimal pH and removal efficiencies 
 
Figure 2 shows the adsorption of As(V), 
Cr(VI), Mo(VI), Sb(V) and Se(VI) from a 
synthetic solution containing 0.02 mmol/l of 
each of the elements as a function of end pH 
(1-9) for an adsorbent concentration of 0.5 
g/l. The oxyanion forming elements were 
added in their highest oxidation states, as 
these are the oxidation states that could be 
expected in the water due to the oxidizing 
conditions in the incinerator. Table 1 showed 
that this is true for all elements, except for 
Cr. In the acidic pH region (pH values 
between 2 and 5), the adsorption percentages 
are highest, and the adsorption order is 
Mo(VI) > As(V) > Sb(V) > Cr(VI) > Se(VI). 
Previous experiments (Verbinnen et al., 
2012) showed that magnetite starts to 
dissolve in 24 h adsorption experiments at 
pH values lower than 2. In general, the 
optimal pH for oxyanion removal is between 
3 and 5 and at a pH higher than 5 the 
adsorption decreases for all elements. As(V) 
is adsorbed over a broader pH range than the  
 
other elements, whereas adsorption of 
Cr(VI) from the synthetic solution shows a 
maximum in only a narrow pH range, 
around pH 5. At pH values higher than 5, the 
percentage adsorbed decreases for all 
oxyanions, but this is due to a different cause 
for oxyanions that adsorb via inner- or outer-
sphere complex formation. For oxyanions 
that adsorb via outer-sphere complex 
formation (e.g. Se(VI)), the decrease is 
related to the pHpzc of magnetite, which lies 
around 6.4-7.2 (Yean et al., 2005; Shipley et 
al., 2009; Mamindy-Pajany et al., 2011). 
Oxyanions can adsorb via electrostatic 
interactions at pH values below this pHpzc. 
Above this value there is less adsorption 
because the opposite charges of the 
adsorbent surface and the adsorbate will 
repel each other.  
 
For oxyanions that adsorb via inner-sphere 
complex formation, adsorption can occur at 
pH values above the pHpzc, and the decrease 
in adsorption is related to the speciation of 
the adsorbate. For instance, Mo(VI) is  
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Figure 2 Percentage of Cr(VI), As(V), Se(VI), 
Mo(VI) and Sb(V) adsorbed from a synthetic 
solution containing 0.02 mmol/l of each of the five 
elements as a function of end pH, 24h contact 
time, amount of adsorbent = 0.5 g/l 
 
adsorbed on magnetite as H2MoO4.2H2O 
and Sb(V) as Sb(OH)5 (Verbinnen et al., 
2012, 2013).The relative concentrations of 
these species decrease with increasing pH in 
favor of more negatively charged species, so 
that the adsorption of Mo(VI) and Sb(V) 
decreases. 
 
Figure 3 shows the percentage of As(V), 
Cr(VI), Mo(VI), Sb(V) and Se(VI) 
oxyanions adsorbed from the synthetic 
solution containing equimolar concentrations 
(0.02 mmol/l) of the 5 elements, as a 
function of the amount of adsorbent added. 
All oxyanion forming elements except 
Se(VI) can be removed for more than 75 % 
with an adsorbent dosage of only 1 g/l. 
 
At an adsorbent dosage of 0.5 g/l, the 
adsorption order is of course similar to that 
shown in Figure 2 at pH 3: magnetite has the 
highest affinity for Mo(VI), followed by 
As(V), Sb(V), Cr(VI) and Se(VI).The 
adsorption order does not change with 
increasing adsorbent concentrations. 
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Figure 3 Percentage of As(V), Cr(VI), Mo(VI), 
Sb(V) and Se(VI) adsorbed from a synthetic 
solution containing 0.02 mmol/l of each of the five 
elements, end pH=3.1, 24h contact time 
 
The adsorption order derived from Figures 2 
and 3 is in accordance with earlier research 
on zeolite-supported magnetite (Verbinnen 
et al., 2013), for which the adsorption order 
was Mo(VI) > Sb(V) > Se(VI). The low 
adsorption percentages for Se(VI) can be 
explained by the formation of weak outer-
sphere complexes of Se(VI) with iron 
(hydr)oxides (Verbinnen et al., 2013). 
Cr(VI) is after Se(VI) the second worst 
adsorbed species, but based on Figure 3, it 
looks plausible that CrO42- forms inner-
sphere complexes in this case.  
 
Comparison with other adsorbents 
 
To evaluate the performance of perlite-
supported magnetite, a comparative test 
between commercially available adsorbents 
(goethite, Fe2O3 and magnetite, < 5 µm), lab-
synthesized adsorbents (zeolite-supported 
magnetite, perlite-supported magnetite and 
nanoscale magnetite) and the support 
material (perlite) was done for the removal 
of Mo from a synthetic solution. 
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Table 2 Residual Mo concentrations and removal percentages for commercially available adsorbents, 
perlite-supported magnetite, zeolite-supported magnetite, perlite and magnetite for the adsorption of Mo 
from a 5000 µg/l Mo solution at pH 3.1, a contact time of 24h and an adsorbent concentration of 1 g/l 
Commercially available adsorbents Residual concentration (µg/l) Mo adsorbed ( %) 
Commercial magnetite 2425 51.5 
Commercial goethite 3250 35.1 
Commercial Fe(III) oxide 3580 28.6 
Perlite 5000 0.0 
 
  
Lab-synthesized adsorbents   
Nanosized magnetite 3.1 99.94 
Perlite-supported magnetite  5.3 99.89 
Zeolite-supported magnetite 8.1 99.84 
 
The removal percentages (Table 2) clearly 
indicate that the lab-synthesized adsorbents 
perform better than the commercially 
available adsorbents; the latter adsorb 29 to 
52 % of the initial amount of Mo, whereas 
the former have removal percentages of at 
least 99.8 % and low residual 
concentrations. This can probably be 
attributed to the larger particle size of the 
commercial magnetite in comparison to the 
lab-synthesized magnetite. Adsorption by 
perlite alone is minimal, thus magnetite is 
mainly responsible for the removal of 
oxyanions from the water. 
 
Perlite-supported magnetite was also 
compared with other adsorbents from 
literature by determining its maximum 
adsorption capacity at the ideal pH via the 
Langmuir isotherm. For MoO42-, the 
maximal adsorption capacity for perlite-
supported magnetite is 11.9 mg/g, compared 
to 17.9 mg/g for zeolite-supported magnetite 
(Verbinnen et al., 2012). Expressed per unit 
mass of magnetite, the maximum adsorption 
capacity is 91.5 mg/g for perlite-supported 
magnetite and 66.3 mg/g for zeolite-
supported magnetite, knowing that the 
former contains 13 % magnetite, and the 
latter 27 %. For AsO43- a maximal 
adsorption capacity of 7.1 mg/g perlite-
supported magnetite was determined. This is 
higher than the maximal adsorption capacity 
found by Mostafa et al. (2011), who coated 
hematite on perlite and obtained a maximal 
adsorption capacity of 0.39 mg/g for AsO43-. 
The maximal adsorption capacity for CrO42- 
(i.e. predominantly Cr2O72- at pH 3) is 4.2 
mg/g perlite-supported magnetite, or 32.3 
mg/g expressed per unit mass magnetite, 
compared to 15.3 mg/g and 11.4 mg/g per 
unit mass magnetite for montmorillonite- 
and diatomite-supported magnetite found by 
Yuan et al. (2009, 2010). Perlite-supported 
magnetite performs better than commercially 
available adsorbents or other comparable 
(coated iron oxides) adsorbents from 
literature. 
 
Adsorption from industrial wastewater 
 
In Figure 4 the adsorption of As, Cr, Mo, Sb 
and Se from the industrial wastewater is 
shown for increasing adsorbent 
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concentrations. Removal efficiencies for an 
adsorbent concentration of 10 g/l were 13 % 
for As, 44 % for Cr, 97 % for Mo, 86 % for 
Sb and 67 % for Se.  
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Figure 4 Adsorption of Cr, As, Se, Mo and Sb 
from industrial wastewater for adsorbent 
concentrations 1-10 g/l, end pH 3.2 and 24 h 
contact time 
 
There are some differences in adsorption and 
adsorption order between synthetic and real 
wastewater. As is adsorbed as second best 
from the synthetic water, whereas it is hardly 
adsorbed from the industrial wastewater, 
even for an adsorbent concentration of 10 
g/l. No satisfactory explanation could be 
found for this. The removal of Cr from the 
industrial wastewater is also low compared 
to the synthetic water. This is because in the 
synthetic water, Cr is present as Cr(VI), but 
the speciation of the industrial wastewater 
showed that Cr is mainly present as Cr(III) 
in that water. Cr(III) forms weak outer-
sphere complexes with magnetite (Shahriari 
et al., 2013), and therefore the adsorption is 
hindered by the presence of competing 
anions, like Cl- and SO42-, which are present 
in large concentrations in the studied 
wastewater. On the other hand, the Mo 
removal percentage is high: more than 80 % 
of the initial amount of Mo is adsorbed when 
only 1 g/l of adsorbent is added. As a 
general conclusion, it can be stated that 
although adsorption from synthetic solutions 
showed promising results with high removal 
percentages at relatively low adsorbent 
concentrations, higher adsorbent 
concentrations are needed to obtain 
comparable removal percentages for the 





Perlite-supported magnetite is easy to 
synthesize and provides a better coating of 
magnetite on the carrier material compared 
to previously described zeolite-supported 
magnetite. It is capable of removing 
different oxyanions simultaneously from a 
synthetic solution, with removal percentages 
of more than 75 % for AsO43-, CrO42-, 
MoO42-and Sb(OH)6- when only 1g/l of the 
adsorbent was added. The removal of SeO42- 
from the synthetic solution was less 
effective, as the oxyanion is adsorbed 
through weaker outer-sphere complexes than 
the other oxyanions. The simultaneous 
removal of all 5 oxyanions is optimal at pH 
values between 3 and 5. The removal 
efficiency for MoO42- using the perlite-
supported magnetite is more than 99 %, 
which is much higher than for commercially 
available adsorbents (ca. 29 – 52 %), and the 
maximal adsorption capacity for CrO42- and 
AsO43- removal was also superior to other 
coated iron oxides coated described in 
literature. The simultaneous removal of the 5 
oxyanion forming elements from an 
industrial wastewater, the scrubber effluent 
of a waste incinerator requires higher 
adsorbent concentrations, as interfering 
anions limit the adsorption capacity for the 
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considered oxyanions. Good results are 
obtained for Mo, Sb and Se, whereas the 
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4.1 Leaching of oxyanions from thermally treated 
waste 
The main research aim for this part of the thesis was to control the 
formation and subsequent leaching of oxyanions during high 
temperature processes to increase the recycling potential. Therefore, 
the first objective was to develop a general framework to explain the 
increased Cr and Mo leaching that was observed during heating of 
industrial waste streams. A second objective was to identify the 
mechanism responsible for the subsequent decrease of leaching at 
more elevated temperatures. To test the correctness of both 
mechanisms for real industrial solid wastes, the leaching from 
synthetic samples was compared to that of two industrial waste 
streams (the sand fraction of bottom ash from MSW incineration and 
contaminated sludge). 
 
From the research presented it can be concluded that elevated Cr and 
Mo leaching is related to the oxidation of Cr(III) and Mo(IV) to their 
more mobile Cr(VI) and Mo(VI) oxidation states. For Cr, this only 
occurs in the presence of alkali and alkaline earth salts, and for Mo 
this is related to the oxidation of MoS2. Many explanations for the 
decrease in leaching at more elevated temperatures can be found in 
literature, but from our research it can be concluded that the most 
plausible explanation is the formation of an amorphous phase 
preventing Cr and Mo from leaching. The leaching behavior of Cr and 
Mo from the sand fraction of bottom ash and contaminated sludge as a 
function of heating time and temperature showed large similarities 
with that from synthetic samples, showing that the proposed 




Thermal treatment of solid wastes is beneficial to decrease the 
leaching of cation forming heavy metals like Cu, Ni, Pb and Zn. For 
the sand fraction of MSWI bottom ash, the leaching of both cation 
forming heavy metals and oxyanion forming elements is below the 
regulatory limits after heating at 400 °C for 30 min. At higher 
temperatures (at least above 700 °C), at which the leaching of Mo and 
Cr is decreased again, the sand fraction of bottom ash might be 
applied as a structured material, e.g. lightweight aggregates, for which 
several examples exist in literature. The knowledge gained in this 
thesis can also be applied in the incineration process itself. By 
adapting conditions like temperature, residence time and/or oxygen 
level in the incinerator, the ideal conditions for minimal leaching of 
both cation and oxyanion forming elements from the sand fraction of 
the bottom ash can be determined. This can be expected to lead to a 
better quality of the sand fraction of the bottom ash, so that it can be 
used in or as construction material for applications like road 
(sub)base, sound barriers, embankments, artificial hills,... 
 
The use of contaminated sludge as construction material is also 
limited by the leached concentrations of toxic elements exceeding the 
limit values. Upon heating, there are some conditions for which the 
leaching is below the regulatory limits for all elements. By heating the 
material at 400 °C for 30 min, the leaching of the cation forming 
heavy metals Ni, Cu and Zn is lowered by destruction of the organic 
material. By heating the sludge for longer residence times or at higher 
temperatures, the leaching of Cr (and Mo, which is not yet regulated 
for construction applications in Flanders) starts to increase, which 
makes the product unsuitable for use in or as construction 
applications. Heating at 400 °C for 30 min suffices to control the 
leaching of all toxic elements, but it is doubtful whether this leads to a 
product that is strong enough to be used as a shaped construction 
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material. At this temperature, the sludge is not yet sintered and 
therefore the structural characteristics like compressive strength are 
low. Nevertheless, it can be used as filler in concrete production or as 
base material for road construction.  
 
The leached concentrations of the heated sludge can also be lowered 
to below the regulatory limits by heating at 1100 °C for 30 min. This 
leads to a sintered, semi-vitrified material that can be used as 
(lightweight) aggregate in construction. The high temperature 
obviously implies higher production costs, but the aggregate also has a 
higher market value than when the sludge would be used as filler.  
 
The production costs for making a structured product from the sludge 
could be lowered by using the knowledge gained in this thesis. It was 
demonstrated that by heating the sample under inert atmosphere or by 
adding NH4H2PO4 as additive, the formation and subsequent leaching 
of Cr(VI) compounds could be avoided. Heating under inert 
atmosphere prevents oxidation of Cr(III), while the alkali and alkaline 
earth salts will preferably bind to PO43- from NH4H2PO4, instead of 
binding to Cr(III) compounds to give Cr(VI) compounds. Both 
methods reduce the temperature necessary to produce a structural 
product that meets the regulatory leaching limit values and can thus 
lead to an economically more feasible process. For instance the 
production of bricks, a process that is typically performed at 
temperatures around 800 °C is not possible with this sludge, as the 
leaching of Cr exceeds the regulatory limits by 6 – 8 times when 
heated in ambient atmosphere or without additives. Brick production 
could be possible by using the demonstrated countermeasures. 
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4.2 Adsorption of oxyanions from industrial 
wastewater 
The main research aim of this part of the thesis was to remove 
oxyanions from industrial wastewater in order to increase the options 
to treat industrial wastewaters. Therefore, the first research objective 
was to test zeolite-supported magnetite for its removal potential for 
Mo, Sb and Se oxyanions, to identify the main interfering (oxy)anions 
and to test the adsorption from industrial wastewater. The other 
objective was to improve the adsorbent by using the good adsorption 
characteristics of zeolite-supported magnetite, but improving the 
coating of magnetite onto the support material, and to test this new 
adsorbent for its ability to adsorb oxyanions from an industrial 
wastewater. 
 
The main interferences for adsorption of the oxyanions have been 
determined and it can be concluded that zeolite-supported magnetite is 
a good adsorbent for Mo(VI), Sb(III), Sb(V) and Se(IV) oxyanions, 
and that the adsorption of Se(VI) suffers more from the presence of 
interfering anions. The adsorption from industrial wastewater showed 
good results, especially for Mo and Sb. Perlite-supported magnetite 
developed in this thesis is easy to synthesize, provides a better coating 
of the magnetite on the support material compared to zeolite-
supported magnetite and has higher adsorption capacities than 
commercially available adsorbents and similar adsorbents (coated iron 
oxides) previously described in literature. It proved to be a promising 
material for the removal of oxyanions from industrial wastewaters, as 
high removal efficiencies were obtained for Mo, Sb and Se from the 




It was shown in the literature overview that most, if not all, studies on 
the removal of oxyanions from waters focus on the removal of one 
oxyanion from a synthetic solution. When interferences were tested, 
this was mostly restricted to only one interfering compound. Many 
studies claim to have found promising adsorption materials with high 
adsorption capacities that can be used to treat industrial wastewaters, 
only based on experiments in synthetic solutions. Furthermore, many 
studies focus on reducing the size of the adsorbent, which can be 
beneficial in terms of adsorption capacity, but not in terms of practical 
application in columns. In this thesis, an effort was made to develop 
and test an adsorbent that can be used for real industrial wastewaters. 
By coating nanosized magnetite onto a support material, the good 
adsorption capacity of magnetite was preserved, while the size of the 
adsorbent as a whole allows its use in adsorption columns. By testing 
the simultaneous adsorption of multiple oxyanions and interfering 
anions, it was shown that interferences cannot be neglected. Mo and 
Sb do not suffer that much from interfering (oxy)anions present in 
wastewater, but the adsorption of other elements, like As, is strongly 
influenced by the presence of interferences. It can therefore be 
concluded that claims, as often been published, that an adsorbent had 
been developed that can be used to treat industrial wastewaters, are 
unrealistic, if it has not been tested properly for the considered type of 
wastewater. Furthermore, this thesis has shown that there is potential 
for coated adsorbents, as they still have high adsorption capacities and 
at the same time they can be used in e.g. adsorption columns. 
4.3 Recommendations for future research 
Due to their chemical similarity, the leaching behavior of Cr and Mo 
from solid residues after thermal treatment was studied in this thesis. 
Besides Cr and Mo, also other oxyanion forming elements can show 
increased concentrations in the leachate after heat treatment, but the 
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nature of this increase was not yet investigated. As an example, the 
leaching of Se from contaminated sludge heated at 400 °C is shown in 
Figure 4.1.  
Residence time (h)
























Figure 4.1: Leaching of Se from contaminated sludge heated at 400 °C for 0.5 – 6 h. 
Due to the toxicity of oxyanion forming elements like As, Sb and Se, 
the cause of their leaching behavior (i.e. whether this is also caused by 
the presence of alkali and alkaline earth salts) should be investigated 
in order to control their leaching. Other high temperature processes 
where a similar elevated leaching is observed should be identified, and 
it should be checked whether the mechanisms for the formation and 
leaching of oxyanions as described in this work, hold true for these 
processes too. 
Adsorption using perlite-supported magnetite showed good results in 
removing oxyanions from industrial wastewater. However, the 
magnetite content of the adsorbent was only 13 %, and improving this 
content could yield higher adsorption capacities. This could be 
improved by using other support materials with a higher specific 
surface area than perlite (0.02 m2/g). A good coating of magnetite on 
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the support material stays a key parameter to decide whether a 
material is suitable as a host material. 
 
A challenge for both leaching of oxyanions from thermally treated 
waste and adsorption of oxyanions lies in the industrial realization. 
Some conditions (e.g. heating for 30 min at 400 or 1100 °C) led to 
thermally treated products for which all leached concentrations were 
below the regulatory limit values. A further optimization of these 
conditions (e.g. a longer residence time at a lower temperature, or a 
lower or higher oxygen level) could optimize the economic feasibility 
of the process. A more detailed study on the energy consumption (not 
only for the heating process, but e.g. also for air pollution control in 
the case of contaminated sludge) could be useful to select the best 
conditions. Furthermore, heating under inert atmosphere or with 
addition of NH4H2PO4 led to reduced Cr leaching from contaminated 
sludge. However, when applying this, the leaching of other elements 
should also be under control. In the case of bottom ash, changing the 
operational conditions could be beneficial for the leaching of Cr from 
the sand fraction, but the impact on the leaching of Cr and other 
elements from the sand and other fractions should also be studied. 
 
For industrial adsorption applications, the cost of the material is 
important, as magnetite based materials cannot be regenerated at low 
cost due to the strong inner-sphere complexes that are formed between 
magnetite and most oxyanions. The effectiveness of adsorption using 
perlite-supported magnetite should also be compared to the removal 
efficiency and cost of coprecipitation using FeCl3, as this is the 
method that is currently used for removal of oxyanions in the tested 
industrial wastewater. As the adsorption process is irreversible for 
most oxyanions, this causes the production of a toxic solid waste, and 
a good solution to dispose this waste should be found. A possible 
solution could be to include perlite-supported magnetite in 
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contaminated sludge and heat it at 1100 °C, as it was shown in this 
thesis that this causes the oxyanions to be immobilized. A last step to 
come closer to industrial realization is to test the effectiveness of 
perlite-supported magnetite in a continuous process. 
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